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In  August  1971,  the  U.S.  Department  of  Transportation  initiated  its  Climatic 
Impact  Assessment  Program.  Its  purpose,  then  as  now,  was  to  investigate  the  impact  on 
the  environment  of  high-flying  aircraft.  The  progress  made  since  its  inception  has  been 
reported  in  three  earlier  DOT  CIAP  conferences.  These  international  conferences  have 
provided  forums  for  vigorous  discussion  by  scientists,  engineers,  and  public  servants  of 
the  scientific  and  technological  results  of  the  many  and  multidisciplinary  studies 
undertaken  during  CIAP,  as  well  as  the  socio-economic  implications  of  these  results.  The 
proceedings  of  this,  the  fourth  and  last  DOT  CIAP  conference,  contain  a summary  and  a 
discussion  of  the  CIAP  “Report  of  Findings:  The  Effects  of  Stratospheric  Pollution  by 
Aircraft.”  It  also  contains  many  papers  describing  the  latest  data  and  designating  problem 
areas  of  importance. 

The  analyses  described  in  the  “Report  of  Findings”  are  based  on  data  compiled 
in  the  six  DOT  CIAP  monographs,  which  were  published  (subsequent  to  the  Fourth  CIAP 
Conference)  in  December  1975. 

A consequence  of  the  CIAP  project  has  been  the  discovery  that  high-flying 
subsonic  aircraft  also  have  an  impact  on  the  ozone  layer,  and  that  pollutants  other  than 
those  emitted  into  the  stratosphere  by  high-flying  aircraft  have  a serious  impact  on 
stratospheric  ozone.  All  in  all,  CIAP  has  encouraged  others  to  study  more  compre- 
hensively the  effect  on  man’s  environment  of  all  pollutants  in  the  atmosphere. 

We  want  to  take  this  opportunity  to  express  our  sincere  thanks  and  appreciation 
to  a very  large  number  of  persons  who  have  been  involved  directly,  indirectly,  and 
peripherally  with  this  U.S.  Department  of  Transportation  Climatic  Impact  Assessment 
Program. 


Samuel  C.  Coroniti 
Deputy  Manager  of  CIAP 
Department  of  Transportation 


Alan  J.  Grobecker 
Manager  of  CIAP 
Department  of  Transportation 


March  24,  1976 


EDITORS’  PREFACE 


The  Fourth  Conference  on  the  Climatic  Impact  Assessment  Program,  held  in 
Cambridge,  Massachusetts  February  4 through  7,  1975,  was  the  final  conference  in  a 
series  dedicated  to  exchange  of  ideas  among  scientists,  engineers,  and  others  concerned 
with  pollution  of  the  stratosphere  by  aircraft.  We  feel  that  the  Proceedings  of  this 
conference  reflect  the  participants’  diverse  disciplines  and  viewpoints,  as  well  as  their 
unifying  desire  to  understand  and  protect  the  stratosphere  as  a resource. 

It  has  taken  us  longer  to  get  these  Proceedings  to  press  than  we  hoped.  The 
principal  factor  in  this  was  probably  , the  fact  that  speakers  who  had  prepared  only  oral 
presentations  were  requested  months  after  the  conference  to  produce  manuscripts.  All 
but  one  of  them  complied,  and  we  very  much  appreciate  the  extra  effort  involved. 

In  addition,  of  course,  each  paper  was  edited  (as  was  the  panel  discussion),  and 
the  author  was  sent  galley  proofs  of  the  final  version.  The  question-and-answer  sessions 
were  heavily  edited  and  condensed,  and  reviewed  only  by  us;  we  apologize  for  any  errors 
that  may  have  crept  in. 

As  always,  the  greatest  burden  was  borne  by  Ms.  Ellen  F.  Rice  of  the  Raytheon 
Service  Company,  who  wheedled  manuscripts  from  authors,  reviewed  them  minutely,  and 
shepherded  them  through  the  production  cycle.  That  we  have  a CIAP  4 Proceedings  of 
this  completeness  and  quality  is  in  large  part  her  doing. 

Thomas  M.  Hard 

Anthony  J.  Broderick 

Editors 
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U.S.  Department  of  Transportation 


Fourth  Conference  on  CIAP,  February  1975 


THE  CIAP  REPORT  OF  FINDINGS:  THE  EFFECTS 
OF  STRATOSPHERIC  POLLUTION  BY  AIRCRAFT 


ALAN  J.  GROBECKER 
Manager,  Climatic  Impact  Assessment  Program 
U.S.  Department  of  Transportation 
Washington,  D.C. 


HISTORY 

This  paper  will  outline  the  form  of  the 
analysis  which  has  led  to  the  conclusions  stated 
in  the  Report  of  Findings  of  the  Department  of 
Transportation’s  Climatic  Impact  Assessment 
Program.  As  can  often  be  the  case  with  such  a 
complicated  subject,  the  data  on  which  all  agree 
may  still  lead  to  conclusions  or  recommendations 
with  which  not  all  agree. 

During  the  discussion  of  the  U.S.  supersonic- 
transport  project  in  1970,  the  question  was 
raised,  notably  by  James  McDonald,  the  SCEP 
study,  and  Harold  Johnston,  whether  impurities 
resulting  from  aircraft  flight  high  in  the  strato- 
sphere could  alter  the  proportions  of  atmo- 
spheric trace  constituents,  with  harmful  results 
to  the  earth’s  environment.  The  question  is  an 
important  one. 

While  they  make  up  only  a tiny  fraction  of 
the  atmosphere,  the  trace  constituents  in  their 
natural  proportions  control  the  balance  of  life  on 
Earth,  passing  light  while  reducing  lethal  radia- 
tion that  would  otherwise  reach  the  earth’s 
surface.  Flight  in  the  stratosphere,  that  is,  gen- 
erally above  12  kilometers  or  39,000  feet  alti- 
tude, is  of  concern;  flight  in  the  troposphere 
below  is  not.  The  reason  for  the  distinction  is 
that  through  turbulence,  storms,  and  rainfall,  the 
troposphere  cleanses  itself  of  most  water-soluble 
and  particulate  impurities  in  a matter  of  a few 
days  or  weeks,  but  the  stratosphere  is  virtually 
stagnant  in  its  vertical  dimension  and  cannot 
cleanse  itself  so  rapidly.  Impurities  can  remain  in 
the  mid-stratosphere  for  as  long  as  three  years,  so 
at  any  one  time  there  may  be  as  much  as  a 
three-year  accumulation  of  contaminants.  The 
horizontal  dispersion  of  contaminants,  on  the 
other  hand,  is  worldwide  and  comparatively 
rapid.  The  stratospheric  flee*  of  any  nation 
affects  the  stratosphere  of  the  entire  hemisphere 


in  which  they  fly.  High-altitude  flights  over 
Europe  can  contaminate  the  sky  over  the  United 
States  and  vice  versa. 

In  1970,  large  uncertainties  existed  in  our 
understanding  and  knowledge  of  the  strato- 
sphere’s constitution,  of  its  dynamic  and 
chemical  behavior,  and  of  how  the  climatic  and 
biological  processes  are  affected  by  the  atmo- 
sphere. At  that  time  there  was  no  adequate 
scientific  basis  for  judging  where  in  the  range 
from  negligible  to  significant  the  conjectured 
effects  of  stratospheric  flight  operations  might 
fall.  However,  the  questions  raised  by  the  scien- 
tists at  that  time  were  good  ones;  subsequent 
studies  have  shown  many  of  their  fears  to  be 
justified.  During  the  Congressional  debate  in  July 
1970,  legislation  introduced  by  Senator  H.M. 
Jackson  directed  the  Department  of  Transporta- 
tion to  undertake  a program  to  obtain  the  new 
knowledge  needed  for  judging  how  serious  the 
conjectured  effects  might  be,  and  to  report  its 
results  to  the  Congress  by  the  end  of  calendar 
year  1974. 

The  Department  of  Transportation’s  Report 
of  Findings,  which  I am  abstracting  this  morning, 
describes  the  results  of  the  ensuing  program. 

The  DOT  Climatic  Impact  Assessment  Pro- 
gram (CIAP)  has  drawn  on  the  work  of  nine 
other  U.S.  Federal  Departments  and  Agencies 
and  seven  foreign  ones.  It  has  also  drawn  on  the 
individual  talents  of  some  1000  investigators  at 
numerous  universities  and  other  organizations  in 
the  United  States  and  abroad.  It  has  of  necessity 
encompassed  a wide  range  of  science  and  tech- 
nology. A special  committee  of  the  National 
Academy  of  Sciences  and  the  National  Academy 
of  Engineering  was  organized  to  review  the  work 
of  CIAP  and  to  form  an  independent  judgment 
of  the  results;  its  report  appears  as  Environ- 
mental impact  of  Stratospheric  Flight  (NAS, 
1975).  The  members  of  this  Climatic  Impact 
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Committee  have  worked  hard  on  the  problems 
through  two  years  of  CIAP.  CIAP  has  harvested 
many  new  scientific  data  and  has  progressed 
considerably  in  synthesizing  the  dat’  *o  give  a 
better  understanding  of  the  relationships  be- 
tween the  aircraft  effluents  in  the  stratosphere 
and  their  environmental  impacts.  Although  seri- 
ous uncertainties  still  exist,  their  magnitude  has 
been  reduced  substantially,  so  that  the  useful 
scientific  conclusions  can  be  used  for  establishing 
approximate  technical  and  operational  standards 
that  will  assure  a chosen  level  of  atmospheric 
quality  in  the  course  of  the  future  development 
of  air  travel. 

Because  of  the  long  lead  time  involved  in 
preparing  remedies,  the  process  of  establishing 
and  meeting  standards  should  start  now.  Only  by 
means  of  such  standards  can  the  future  large- 
scale  development  of  SST  operations,  by  any 
nation,  occur  without  significant  adverse  environ- 
mental consequences.  Moreover,  only  by  means 
of  such  standards  can  the  subsonic  fleet  continue 
to  evolve  without  similar  undesirable  con- 
sequences. 

While  the  environmental  pollutants  from 
aircraft  discussed  today  are  important,  they  are 
by  no  means  the  only  causes  of  undesirable 
effects  at  the  ground  (changes  in  ultraviolet 
radiation,  temperature,  rainfall,  etc.).  A few 
examples  of  contributing  causes  are  aerosol 
sprays,  and  industrially  generated  dust  and  car- 
bon monoxide.  There  are  many  others. 

The  principal  scientific  conclusions  of  CIAP 
are  as  follows  (Grobecker  et  al.,  1974): 

“1.  Operations  of  present-day  SST  aircraft 
and  those  currently  scheduled  to  enter 
service  (about  30  Concordes  and  TU- 
144’s)  cause  climatic  effects  which  are 
much  smaller  than  minimally  detect- 
able. 

“2.  Future  harmful  effects  to  the  environ- 
ment can  be  avoided  if  proper  measures 
are  undertaken  in  a timely  manner  to 
develop  low-emission  engines  and  fuels 
in  step  with  the  future  growth  of 
stratospheric  aviation.  These  measures 
include: 

a.  The  development  of  new  engine 
technology  leading  to  lower  levels 
of  nitrogen  oxide  emissions  (which 
involves  a lead  time  of  10  to  15 


years  for  development,  fabrication, 
certification,  and  introduction  into 
service  of  the  new  engines), 
b.  Use  of  jet  fuels  having  a sulfur 
content  smaller  than  that  in  cur- 
rent fuels,  through  the  applica- 
tion of  state-of-the-art  desulfuri- 
zation processes. 

“3.  If  stratospheric  vehicles  (including  sub- 
sonic aircraft)  beyond  the  year  1980 
were  to  increase  at  a high  rate,  improve- 
ments over  1974  propulsion  technology 
would  be  necessary  to  assure  that  emis- 
sions in  the  stratosphere  would  not 
cause  a significant  disturbance  of  the 
environment. 

“4.  The  cost  of  carrying  out  the  measures  in 
conclusion  2,  including  the  operational 
cost  of  compliance,  is  small  compared 
to  the  potential  economic  and  social 
costs  of  not  doing  sc. 

“5.  A continuous  atmospheric  monitoring 
and  research  program  can  further  reduce 
remaining  uncertainties,  can  ascertain 
whether  the  atmospheric  quality  is 
being  maintained,  and  can  minimize  the 
c'st  of  doing  so.” 

The  numbers  which  make  these  statements 
of  conclusion  quantitative  are  to  be  found  in  the 
Report  of  Findings,  which  is  due  for  wide 
distribution.  We  hope  there  will  be  scientific 
agreement  on  these  conclusions,  which  suggest 
certain  courses  of  action.  The  suggested  courses 
of  action  represent  recommendations,  which  are 
listed  below: 

“1.  Develop,  within  the  next  year,  a plan 
for  a proper  program  for  international 
regulation  of  aircraft  emissions  and  fuel 
characteristics  for  whatever  strato- 
spheric flight  operations  may  evolve  in 
the  future. 

“2.  Accelerate  combustion  research  and 
engine  development  programs  needed  to 
make  stratospheric  flight  possible  with 
specified  nitrogen  oxide  emission 
standards. 

“3.  Use  low-sulfur  fuels.  »tudy  the  implica- 
tions of  utilizing  low-sulfur  content 
aviation  fuels  for  stratospheric  flight. 
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“4.  Develop  a global  monitoring  system  to 
ensure  that  environmental  protection  is 
being  achieved.  Continue  research 
(drawing  on  the  mon;  red  data)  to 
reduce  the  uncertainties  in  the  present 
knowledge  of  the  stratosphere  and 
improve  the  methods  for  estimating 
climatic  change  and  the  biologic 
consequences.” 

The  remainder  of  this  paper  represents  the 
steps  of  the  analysis  from  which  such  recom- 
mendations and  conclusions  were  derived. 

THE  STRATOSPHERE 

We  live  in  a world  which  is  surrounded  by  a 
thin  atmosphere  which  protects  it  from  hostile 
emissions  from  the  sun  and  from  the  galactic 
cosmic  particles.  Much  of  the  atmosphere  lies  in 
the  troposphere,  in  which  are  found  the  cloud 
structures  shown  by  the  photograph  of  Figure  1 , 
but  the  gases  in  the  stratosphere  (which  is  above 
the  troposphere)  absorb  most  of  the  radiation 
with  which  we  are  now  concerned. 


Figure  1.  Earth  and  its  atmosphere. 


The  stratosphere  is  defined  as  that  region 
which  has  an  upward  temperature  gradient;  it 
ranges  from  about  8 to  16  kilometers  (the 
altitude  of  the  temperature  minimum  shown  in 
Figure  2),  to  about  50  kilometers  or  150,000 
feet,  the  temperature  maximum.  Its  lower  limit  is 


an  altitude  which  varies  with  the  season  and  time 
of  year.  It  is  the  positive  upward  temperature 
gradient,  the  distinctive  characteristic  of  the 
stratosphere,  which  inhibits  vertical  mixing  so 
that  the  stratosphere  retains  material  much 
longer  than  the  troposphere.  The  impor’ance  of 
this  extended  accumulation  can  be  illustrated  by 
comparing  the  stratosphere  to  a kitchen.  When 
the  garbage  is  collected  every  day,  the  kitchen 
stays  clean.  But  if  it  is  collected  only  after  a few 
years,  even  a tiny  bit  generated  daily  builds  up  to 
create  a real  problem. 
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Figure  2.  The  atmosphere’s  temperature/altitude 
profile  (after  Newell,  1969). 

The  altitudes  at  which  certain  aicraft  can  fly 
are  shown  by  the  small  figures  at  the  right  of 
Figure  2.  The  747’s  and  the  707’s  fly  above  the 
lower  border  of  the  stratosphere  at  some  times  of 
the  year.  The  Concorde  would  fly  at  about  17  or 
18  kilometers  and  the  Tupolev- 144  at  similar 
altitudes.  More  advanced  later  designs  may  fly 
even  higher  in  the  stratosphere;  some  future 
aircraft,  such  as  the  hypersonic  transport,  may 
fly  as  high  as  35  kilometers. 

In  the  course  of  the  study  it  was  necessary 
to  determine  new  atmospheric  quantities  which 
had  not  been  measured  before.  Figure  3 illus- 
trates the  vehicles  which  carry  measuring  instru- 
ments, and  the  atmospheric  characteristics  which 
are  measured  from  those  vehicles. 


Satellites  were  used  to  observe  the  strato-  (H20),  are  distributed  in  the  stratosphere  in 

sphere  from  above.  Balloons  probed  the  highest  relative  concentrations  of  roughly  one  part  per 

regions  of  the  stratosphere.  In  the  lower  strato-  million.  Other  trace  gases  are  even  more  sparse, 

sphere,  the  region  of  most  concern,  U-2  vehicles,  such  as  the  oxides  of  nitrogen  (NO,  N02,  and 

WB-57  aircraft,  and  the  Concorde  itself  were  HNO3),  which  are  distributed  in  concentrations 

platforms  from  which  many  data  were  obtained.  of  something  like  one  part  per  billion.  There  are 

Lower-flying  airplanes,  like  the  NCI 35  (a  mili-  still  others  which  have  not  yet  been  measured 

tary  version  of  the  Boeing  707)  carried  many  (such  as  the  OH  radical),  which  are  distributed  in 

experiments.  Also,  some  measurements  could  be  concentrations  like  one  part  per  trillion.  All  of 

made  from  the  ground,  such  as  observations  of  these  trace  gases  are  important  because  the 

ultraviolet  radiation  and  of  overhead  aerosol  concentrations  of  the  most  dilute,  such  as  the 

distributions.  Many  of  these  results  are  described  nitrogen  oxides,  may  affect  the  concentration  of 

in  Figure  4 as  vertical  profiles  of  the  number  the  ozone.  This  mechanism  is  one  of  the  particu- 

density  of  various  constituents,  expressed  in  lar  things  we  want  to  understand,  since  the  ozone 

numbers  of  molecules  per  cubic  meter.  To  forms  a protective  barrier  which  screens  out  the 

indicate  the  scale,  at  the  altitude  of  20  kilo-  high-energy  part  of  the  solar  radiation  before  it 


meters  the  total  number  density  of  all  particles  is 
about  1024  m-3.  The  species  at  the  right  of  the 
figure,  the  ozone  (O3)  and  the  water  vapor 


reaches  the  surface  of  the  earth.  Knowing  the 
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Figure  4.  Trace-gas  measurements  (after  Hard,  1975). 


In  addition,  we  need  to  know  the  patterns  of 
the  stratospheric  motions,  which  determine  the 
residence  time  of  materials  introduced  into  the 
stratosphere.  Figure  5 shows  estimated  residence 
time  as  a function  of  latitude  and  altitude. 
Residence  time  is  defined  as  the  length  of  time 
required  for  the  concentration  of  inert  material, 
newly  introduced  at  a given  altitude,  to  be 
reduced  to  e'1  (roughly  one-third)  of  its  initial 
value.  It  is  also  an  inverse  measure  of  the  ease 
with  which  materials  can  escape  if  introduced  at 
that  altitude. 

In  the  troposphere  (which  is  below  the 
dot-dash  line  which  marks  the  mean  value  of  the 
winter  tropopause),  residence  time  is  short;  the 


values  range  from  days  to  weeks.  Residence  times 
above  the  tropopause,  however,  are  much  longer, 
ranging  to  more  than  one-and-a-half  years.  The 
average  residence  times  for  the  entire  year  are 
two  or  three  times  the  values  of  Figure  5,  which 
are  measured  and  derived  for  the  winter  period, 
when  the  mixing  in  the  stratosphere  is  the  most 
rapid.  Although  the  numbers  of  Figure  5 are  not 
the  ones  used  in  the  CIAP  calculations,  their  rela- 
tive values  illustrate  that  there  is  a strong  altitude 
dependence  and  an  important  latitude  depen- 
dence in  the  region  of  the  tropopause.  Both  of 


these  dependencies  may  be  taken  into  account 
in  some  way  if  it  becomes  necessary  to  moderate 
undesirable  effects  of  stratospheric  flight  in  the 
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Figure  5.  Estimated  winter  residence  times  in  the 
atmosphere  (after  Reiter  and  Bauer, 
1975). 

lower  stratosphere  near  the  tropopause,  since 
for  each  3-kilometer  increase  of  altitude,  the  sen- 
sitivity to  a given  amount  of  pollution,  as  indi- 
cated by  the  residence  time,  is  doubled. 

Figure  6 shows  the  general  sequence  which 
we  have  analyzed  in  the  studies.  The  analysis 
primarily  considers  oxides  of  nitrogen  (NO, 
N02),  water  vapor  (H20),  and  sulfur  dioxide 
(S02).  The  NOx  and  S02  pollutants  are  some- 
thing for  which  CIAP  suggests  remedies.  For 
water  vapor,  there  is  no  remedy  other  than  flight 
restriction.  The  NOx  operates  in  conjunction 
with  the  water  vapor  to  deplete  the  ozone,  and 
this  depletion  of  ozone  causes  enhancement  at 
ground  level  of  solar  ultraviolet-B  radiation  (290 
to  320  nm  wavelength),  which  is  destructive  to 
living  creatures.  This  enhanced  radiation  can 


cause  skin  cancer  and  have  other  biologic  conse- 
quences, which  in  turn  result  in  economic  and 
social  costs. 


Figure  6.  Nitrogen  oxide  (NOx)  and  sulfur  dioxide 
(SOj)  chains. 

The  S02,  which  is  formed  when  the  sulfur  in 
the  aircraft  fuel  is  burned,  combines  with  water 
vapor  to  form  large  polymolecules  which  aggre- 
gate after  successive  collisions  to  larger  and  larger 
particles  (aerosols).  When  the  growing  particles 
exceed  about  I /10th  of  a micron  in  diameter, 
they  interfere  with  the  transmission  of  sunshine 
through  the  stratosphere.  This  reduction  in  sun- 
shine affects  temperature,  precipitation,  and 
other  climatic  variables  close  to  the  ground,  with 
agricultural  and  other  biological  results.  All  these 
climatic  and  UV-Ievel  changes  have  economic  and 
social  consequences.  Changes  in  stratospheric 
concentrations  of  water  vapor,  oxides  of  nitro- 
gen, and  ozone  have  climatic  effects  smaller  in 
degree  than  those  of  S02,  so  we  do  not  dwell 
on  them  here.  They  are,  however,  described  in 
the  report. 

One  characteristic  which  should  be  borne  in 
mind,  of  course,  is  the  great  natural  variability  of 
these  constituents.  Figure  7 shows  the  total 
overhead  ozone  as  measured  on  28  April  1969  by 
the  Nimbus  satellite.  There  is  large  geographic 
variation;  near  the  equator  the  Dobson-unit 
values  expressed  by  the  contours  drop  as  low  as 
200.  (A  Dobson  unit  is  a value  of  10'3  centi- 
meters of  ozone  at  standard  temperature  and 
pressure).  The  greates  thickness  of  ozone  over- 
head is  in  the  polar  »gions,  where  it  can  be  as 
much  as  3.5  times  that  near  the  equator.  There  is 
also  a strong  regional  variation,  apparently  con- 
trolled by  the  high-pressure  areas  in  the  tropo- 
sphere. In  addition  to  this  large  spatial  variability, 
the  temporal  variability  can  be  as  much  as  ±25% 
during  the  year  in  mid-latitudes.  It  is  supposed 
that  this  great  natural  variability  of  ozone  is 
paralleled  by  that  of  the  other  trace  constituents. 
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Figure  7.  Total  ozone  burden  (10‘3  cm  stp),  28  April  1969  (after  Prabhakara,  1971). 
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CLAP  also  addressed  the  problem  of  the 
calculation  of  the  fractional  reduction  of  vertical 
ozone  in  terms  of  the  uniform  rate  of  introduc- 
tion of  nitrogen  oxide  at  various  altitudes.  Figure 
8 describes  the  differing  results  of  a number  of 
computations  (based  on  values  of  chemical  reac- 
tion coefficients,  collected  and  reviewed  by  the 
National  Bureau  of  Standards).  The  differences 
in  the  computed  results  are  chiefly  due  to 
differing  assumptions  of  vertical  eddy-diffusion 
coefficients  (an  alternative  means  of  expressing 
the  effect  of  residence  time).  When  the  differ- 
ences of  residence-time  assumptions  are  recon- 
ciled, the  results  (shown  in  Figure  8)  are  in 
strong  agreement,  except  for  the  items  along  the 
dashed  line,  which  represent  values  computed 
before  the  role  of  nitric  acid  in  scavenging 
nitrogen  oxide  had  been  recognized.  The  values 
used  in  CIAP  are  more  nearly  shown  by  the  solid 
line.  Roughly  speaking,  there  is  a doubling  of 
sensitivity  in  the  lower  stratosphere  with  each 
3-km  increase  in  altitude.  Figure  8 shows  the 
values  for  20  kilometers;  at  17  kilometers  the 
ozone  reduction  for  a given  rate  of  NOx  injection 
is  about  half  as  large,  and  so  on.  The  results  of 
eight  one-dimensional  models,  three  two-dimen- 
sional models,  and  one  three-dimensional  model 
are  in  substantial  agreement  within  a factor  of 
three. 


Figure  8.  Calculated  reduction  of  vertical  ozone  in 
terms  of  uniform  global  rate  of  NOx 
addition  at  20  km  (66  kft)  (after  Chang, 
1974). 


EFFECTS  ON  THE  BIOSPHERE 
Skin  Cancer 

Once  the  effect  on  the  stratospheric  ozone 
of  introducing  the  nitrogen  oxide  at  various 
altitudes  has  been  computed,  the  effect  on  the 
biosphere  of  the  consequent  UV-radiation  change 
at  the  ground  must  be  examined.  The  fractional 
change  at  earth  level  may  be  computed  by  Beer’s 
Law  from  the  absorption  coefficient  of  ozone 
and  the  fractional  change  in  stratospheric  ozone. 
To  begin  the  biological  story,  we  look  at  the 
action  spectra  for  minimal  erythema  of  human 
skin,  as  determined  by  a variety  of  observers, 
which  is  shown  in  Figure  9.  Erythema  (the 
reddening  of  the  skin  by  sunburn)  is  the  perceiv- 
able evidence  of  the  skin  damage  which  ulti- 
mately may  lead  to  skin  cancer.  Although  there 
is  variation  in  the  responses  (as  measured  by 
various  observers)  in  the  290  to  320  nm  range, 
CIAP  has  used  a mean  value  (the  dashed  curve). 
The  circles  of  Figure  9 represent  the  wavelength 
sensitivity  of  the  Robertson  meter,  which  in  a 
single  measurement  approximates  erythemally 
weighted  radiation  received  at  the  ground.  An 
important  CIAP  project  was  the  collection  of 
Robertson-meter  data  from  a number  of  these 
meters,  mainly  within  the  United  States.  Such 
data,  collected  over  more  than  a year,  generally 
confirm  the  estimates  that  have  been  derived  by 
calculation. 


HAVElf  NOTH  (M») 


Figure  9.  Action  spectra  for  minimal  erythema  of 
human  skin  (after  Robertson,  1972). 
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By  using  the  action  spectrum  as  a weighting 
function,  together  with  the  estimates  of  solar 
ultraviolet  transmitted  through  the  stratosphere, 
one  may  describe,  as  in  Figure  10,  the  change  of 
vertically  incident  erythemally  weighted  radia- 
tion as  a function  of  the  percent  decrease  of  total 
ozone.  This  concave  upward  curve  describes  the 
fact  that  as  the  ozone  decreases,  more  and  more 
of  the  high-energy  shorter  wavelengths  get 
through  to  the  ground,  and  the  biological  effect 
is  proportionally  even  more  intense. 

Since  one  can  hardly  do  laboratory  experi- 
ments to  deliberately  induce  skin  cancer  in 


Figure  10.  Percent  change  in  dose  of  vertically  inci- 
dent erythemally  weighted  radiation  vs. 
percent  change  in  ozone  column  (after 
Schulze,  1973). 


people,  CIAP  relied  on  the  epidemiological  evi- 
dence, supported  by  a variety  of  more  indirect 
approaches,  to  describe  the  effect  of  increased 
UV  on  people.  The  epidemiological  evidence 
(principally  that  gathered  by  the  Third  National 
Cancer  Survey)  shows  that  the  incidence  of  skin 
cancer  in  the  U.S.  is  a strong  function  of  latitude. 
The  incidence  of  melanoma  in  the  U.S.  white 
population  is  shown  at  the  left  in  Figure  11  for  a 
number  of  cities;  the  incidence  of  the  non- 
melanomic  skin  cancer  in  whites  of  four  U.S. 
cities  is  shown  on  the  right.  It  can  be  seen  that  in 
the  middle  latitudes  there  is  a doubling  of  the 
incidence  of  non-melanomic  skin  cancer  roughly 
with  every  8 degrees  decrease  of  latitude.  Non- 
melanomic  skin  cancer  has  been  directly  related 
to  ultraviolet  radiation  by  tests  on  animals.  The 
considerable  scatter  of  these  observations  sug- 
gests that  the  estimates  of  effects  which  we  have 
used  are  subject  to  a considerable  amount  of 
uncertainty.  However,  epidemiological  data 
relating  non-melanomic  skin-cancer  incidence  to 
UV  radiation  z.e  :upported  by  much  other 
evidence,  such  as  the  *act  that  skin  cancer  in 
white-skinned  mice  and  in  pigs  has  been  experi- 
mentally induced  by  exposure  to  ultraviolet 
radiation.  The  pigs  which  were  piebald  (that  is, 
having  melanin  splotches  on  a skin  without 
melanin),  when  exposed  to  the  ultraviolet  radia- 
tion, developed  skin  cancers  in  the  white  part  of 
their  skin  but  not  on  the  splotches.  People  whose 
skins  have  more  melanin  coloring  are  more  im- 
mune to  non-melanomic  skin  cancer. 

Having  developed  this  deterministic  analysis 
of  the  effects  of  stratospheric  pollution  by 
aircraft  in  the  inducing  of  skin  cancer,  we  must 
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Figure  1 1.  Increase  in  skin-cancer  incidence  vs.  change  in  latitude  (after  Fears  et  al.,  1974). 
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estimate  how  incorrect  we  may  be.  Some  esti- 
mates of  uncertainty  are  shown  in  Figure  12.  The 
values  are  expressed  as  fractions  indicating  the 
ratios  of  the  standard  deviations  of  observations 
or  calculations  to  the  mean  values  which  are 
being  estimated.  For  each  of  the  four  steps  of  the 
estimation,  the  solid  bar  represents  the  uncer- 
tainty introduced  by  that  step  alone,  and  the 
cross-hatched  bar  represents  the  cumulative 
effect  as  these  uncertainties  propagate  through 
the  succeeding  steps.  The  estimates  of  non- 
melanoma skin-cancer  incidence  rates  are  ex- 
pected to  have  an  uncertainty-to-mean-value 
ratio  of  about  0.8.  This  implies  that  we  may  be 
95%  confident  that  the  estimate  is  accurate 
within  a factor  of  3 to  10. 
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Figure  12.  Propagation  of  fractional  uncertainty 
through  NOx/skin-cancer  cascade  (after 
Schainker  et  al.,  1974). 

Climatic  Impact 

The  next  part  of  the  CIAP  study  is  the 
climate  study.  This  study  was  intended  to  cover 
the  effects  of  climatic  changes  (other  than 
changes  in  the  level  of  ultraviolet  radiation) 
caused  by  aircraft-effluent  pollution  as  indicated 
in  Figure  13.  There  are  a number  of  pollutants, 
only  one  of  which  is  described  as  a major 
problem,  because  it  is  the  largest  of  the  three. 
With  large  enough  aircraft  fleets,  the  estimated 
effects  could  be  serious  unless  something  is  done 
to  avoid  them. 

The  stratospheric  pollutants  which  may 
cause  non-UV-related  climatic  changes  include 

(1)  increased  S02  injection  (which  can  cause 
increased  stratospheric  sulfate-aerosol  burden), 

(2)  increased  NOx  injection  (which  causes  reduc- 
tion of  the  ozone  burden,  but  simultaneously 
increases  the  nitrogen-oxides  burden),  and  (3) 
increased  water-vapor  emissions  (which  cause 
increase  of  the  water-vapor  burden).  The  two 
transparent  stratospheric  constituents  will  cause 
their  climatic  effect  by  what  is  known  as  the 
“greenhouse  effect.”  The  S02 -induced  aerosols 
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Figure  13.  The  climate  study. 


cast  a shadow.  Hence,  by  one  mechanism  or 
another,  the  radiation  levels  at  the  surface  are 
changed,  with  a consequent  change  in  the  global 
temperature.  Although  we  can  estimate  the 
change  in  global  mean  temperature  with  some 
confidence,  deducing  from  that  change  the  con- 
sequent changes  in  zonal  and  regional  tempera- 
ture and  precipitation  is  very  difficult,  and  I 
don’t  believe  we’ve  succeeded.  The  difficulty 
arises  because  with  a decrease  in  mean  global 
temperature  some  local  regions  may  get  warmer 
and  others  may  get  cooler.  There  is,  however,  a 
strong  zonal  variation;  a change  in  mean  global 
temperature  is  felt  least  in  the  tropics  and  most 
strongly  in  the  polar  regions.  The  CIAP-estimated 
changes  in  zonal  temperatures  were  only  rough 
approximations.  From  these,  the  environmental 
impacts,  such  as  the  changes  of  various  important 
food  costs,  were  estimated. 

The  climatic  characteristics  themselves  are 
highly  variable.  Figure  14  shows  the  temporal 
variation  in  mid-latitude  temperature  in  the 
Northern  Hemisphere.  The  data,  compiled  by 
Professor  M.l.  Budyko  for  the  period  from  1880 
to  1958,  have  been  extended  to  1970  by  others. 
The  most  jagged  curve,  representing  the  mean 
annual  mid-latitude  temperature,  shows  a strong 
deviation  from  year  to  year  from  the  ninety -year 
mean.  The  smoother  ten-year-running-mean 
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temperature  shows  a steady  increase  from  1880 
to  about  1940  and  a subsequent  decrease.  From 
Figure  14,  it  may  be  inferred  that  determining 
how  the  world  temperature  is  changing  is  prob- 
ably not  much  easier  than  determining  what’s 
happened  to  the  total  ozone. 

Figure  15  represents  the  estimates  by  a 
number  of  experimenters  of  the  change  in 
average  global  surface  temperature  which  might 
result  from  variation  of  solar  radiation.  In  the 


Figure  14.  Temporal  variation  of  midlatitude  temper- 
ature in  the  Northern  Hemisphere  (after 
Budyko,  1974). 


Figure  15.  Change  in  surface  temperature  as  a function  of  change  in  the  solar  radiation  (after  MacCracken,  1974). 
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main,  these  studies  were  carried  out  in  the 
interests  of  the  Global  Atmospheric  Research 
Program  (GARP).  They  represent  a significant 
contribution  to  CIAP,  however,  even  though  not 
accumulated  at  its  behest.  There  is  a wide 
variation  of  temperature-change  sensitivity  to 
change  in  solar  radiation.  CIAP  chose  to  use  the 
estimate  indicated  by  the  heavy  line.  The  uncer- 
tainty of  this  estimate  is  large. 

Precipitation  (rain  and  snowfall)  is  con- 
trolled to  a considerable  degree  by  the  zonal 
temperatures.  Figure  16  shows  results  of  compu- 
tations by  M.  MacCracken  of  the  latitudinal 
distribution  of  the  yearly  average  precipitation 
for  three  cases.  The  topmost  curve  is  the  control 
curve,  which  represents  his  model’s  prediction  of 
the  precipitation  distribution  by  latitude  zones 
under  present  average  conditions.  The  dashed 
line  is  the  result  of  decreasing  the  solar  radiation 
impinging  on  the  earth  by  3%,  and  the  solid  line 
below  it  shows  what  would  happen  if  the  present 
aerosol  content  of  the  stratosphere  were  in- 
creased by  a factor  10.  For  either  the  change  of 
stratospheric  aerosol  content  or  the  reduction 
in  the  radiation,  there  is  a marked  decrease  in  the 
total  amount  of  rainfall.  However,  such  an 
overall  decrease  would  be  felt  differently  in 
different  latitudes.  Since  local  temperature  and 
precipitation  changes  are  affected  strongly  by 
local  conditions  (mountain  ranges  and  so  on),  it 
is  difficult  to  predict  in  detail  how  the  climate 
where  you  live  will  be  affected  by  such  a change. 
Overall,  however,  global  cooling  will  result  in  less 
rainfall. 


Figure  16.  Latitudinal  distribution  of  total  precipita- 
tion (after  MacCracken,  1974). 


How  the  botanical  biosphere  will  react  to  a 
decrease  in  local  temperature  and  precipitation 
has  been  estimated  by  a number  of  scientists. 
The  effect  on  the  distribution  of  cultivated  crops 
was  especially  difficult  to  estimate,  because  most 
cultivated  crops  are  influenced  by  a number  of 
different  factors.  One  of  these  may  be  the 
constraining  factor  in  a particular  region,  and 
another  one  in  a different  region. 

Non-cultivated  plant  systems  have  been 
naturally  selected  for  survival  in  the  region  where 
they  are  found.  For  these  systems,  the  effects  of 
climate  change  are  easier  to  estimate,  as  indicated 
in  Figure  17.  Nearly  all  natural  systems  react 
unfavorably  to  a decrease  in  temperature,  except 
the  desert-region  ecologies.  The  latter  are  con- 
strained by  lack  of  water,  and  therefore  react 
favorably  to  factors  conserving  the  water  supply 
such  as  lowered  temperatures. 


Figure  17.  Change  in  natural-ecosystem  productivity 
as  a function  of  temperature  change  (after 
Cooper.  1975). 


In  exploring  the  economic  impacts  of  cli- 
matic change,  GAP  estimated  economic  sensi- 
tivity to  change  in  temperature,  as  shown  in 
Figure  18.  Only  a few  areas  are  likely  to  benefit 
from  a cooling.  An  example  is  the  world  com 
crop,  which  grows  more  abundantly  if  average 
temperatures  are  cooler.  The  world  production 
of  cotton  and  wheat  seems  not  to  be  strikingly 
affected  by  a cooling,  but  production  in  local 
regions  may  be  affected  very  strongly.  For 
example,  production  of  wheat  in  the  Peace  River 
Valley  in  Canada  could  be  completely  wiped  out 
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by  shortening  of  the  frost-free  season.  Certain 
northern  regions  of  the  Soviet  Union  would  also 
be  handicapped,  although  the  Southern  regions 
of  the  USSR,  like  those  of  the  United  States, 
might  benefit.  The  world  food  crop  most  sensi- 
tive to  climate  cooling  is  rice. 
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Figure  18.  Sensitivity  of  economic  impacts  to  cli- 
matic change  (after  d’Arge,  1974). 
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Figure  19.  Propagation  of  fractional  uncertainty 
through  SOj/temperature/costs  cascade 
(after  Schainker  et  al.,  1974). 


Figure  19  shows  estimates  of  the  uncertain- 
ties of  the  climatic-impact  estimation.  These  are 
similar  to  those  shown  for  the  skin-cancer  case. 
In  the  first  five  steps  the  uncertainties  of  the 
geophysical  estimation  are  shown,  leading  to  a 
ratio  of  uncertainty  to  mean  value  which  is 
estimated,  for  surface  temperature,  to  be  about 
0.7.  The  largest  contribution  is  from  the  step 
going  from  the  change  of  radiation  to  the 
estimates  of  surface  temperature.  Below  the 
surface-temperature  estimate  are  displayed  the 
uncertainties  of  estimating  the  costs  of  the 
effects  of  temperature  change  on  various  crops. 
Of  these,  the  largest  uncertainty  is  that  in  the 
estimation  of  wheat  costs.  In  estimating  costs  of 
climatic  change  due  to  S02  pollution  of  the 
stratosphere  by  aircraft,  the  ratio  of  uncertainty 
(as  standard  deviation)  to  the  mean  estimate  is 
about  0.8.  That  is  to  say,  there  is  95%  confidence 
that  estimates  are  covered  within  a factor  of 
three  to  ten.  Even  if  one  puts  in  the  subjective 
estimates  by  modelers  of  how  bad  they  think 
their  models  possibly  may  be,  these  factors  of 
uncertainty  are  not  enlarged  to  more  than  a 
factor  of  5. 


LOOKING  AHEAD 

Although  for  science  an  uncertainty  factor 
of  five  is  very  unsatisfactory,  knowledge  of 
climate  effects  within  a factor  of  five  may  well 
be  adequate  for  choice  of  policy  today.  However, 
we  should  not  be  satisfied  with  such  uncertainty 
in  similar  estimates  many  years  from  now.  We 
should  pursue  further  investigations  with  suffi- 
cient energy  that  ten  or  fifteen  years  from  now 
we  have  much  more  accurate  knowledge  of  the 
effects  of  climate  change.  For  the  probi'cms  of 
the  future,  we  need  to  do  more  monitoring  of 
the  causes  and  effects  of  climate  change. 

There  are,  however,  many  difficulties  in 
monitoring.  Figure  20  illustrates  one  of  them, 
the  temporal  variation  of  total  global  ozone  as 
measured  from  the  Nimbus  satellite.  Satellite 
measurements  have  the  great  advantage  that  one 
can  get  many  data  points  in  both  space  and  time, 
as  can  be  seen  in  Figure  20.  Analysis  of  the  data 
shows  a striking  variation  from  day  to  day.  It  has 
been  said  that  some  of  this  variation  is  actually 
an  artifact  of  the  method  of  measurement  and 
analysis.  Even  if  it  is,  there  is  still  a strong 
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indication  that,  in  addition  to  the  already  recog- 
nized strong  latitudinal  and  spatial  variation, 
there  is  a strong  temporal  variation  of  total 
global  ozone.  Such  strong  variations  mean  that 
analysis  of  trends  will  require  the  processing  of 
many  data.  It  will  be  a very  difficult  analytical 
job  to  sort  out  very  small  variations  from  the 
annual  global  mean. 


Figure  20.  Daily  variation  in  total  global  ozone  (after 
Lovill,  1974). 

Pittock  in  Australia  has  made  an  attempt  to 
analyze,  using  the  data  from  one  station,  how 
long  daily  observations  from  a single  station 
would  have  to  be  made  in  order  to  determine  a 
trend  (a  certain  percent  change  of  overhead 
ozone  in  a decade).  Figure  21  shows  Pittock ’s 
conclusions.  For  95%  confidence,  it  would  take 
eleven  years  of  daily  observations  to  detect  a 5% 
change  in  overhead  ozone.  Pittock’s  conclusions 
were  derived  from  the  study  of  observations  at  a 
single  station  at  Aspendale.  If  satellite  data  were 
used,  contributions  from  100  independent 
“equivalent  stations”  around  the  world  could  be 
used.  With  such  data,  the  limit  of  trend  predict- 
ability could  be  improved  to  one-half  percent 
(rather  than  5%)  in  ten  years  of  observation.  This 
estimate  of  the  limit  of  detectability  has  not 
been  demonstrated  or  otherwise  proven;  it  may 
be  over-ambitious.  To  try  to  put  discussions  on 
an  objective  basis,  CIAP  has  undertaken  to  find 
out  what  a one-half-percent  change  in  world 
ozone  would  really  mean.  However,  the  diffi- 
culties for  the  monitoring  systems  of  the  future 
which  result  from  the  large  natural  spatial  and 
temporal  variability  of  the  measurables  (the 
trace-constituent  densities,  the  radiation  levels, 
and  so  on)  are  very  great. 

Figure  22  illustrates  another  problem,  the 
diversity  of  possible  causes  of  surface  ultraviolet 
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Figure  21.  Detectability  of  trends  of  change  in  ozone 
column  (after  Pittock,  1974). 

change.  At  the  left  is  an  observable  quantity:  an 
increase  in  UVB  radiation  at  the  ground.  Moving 
to  the  right,  we  see  the  various  possible  causes  of 
that  change.  There  are  more  than  thirty  such 
causes,  including  volcanism,  aerosol  sprays,  atmo- 
spheric testing  of  nuclear  weapons,  and  so  on. 
Only  a few  of  the  possible  causes  are  aircraft- 
related,  such  as  increased  SST  or  space-shuttle 
operation.  At  present,  it’s  not  hard  to  establish 
that  the.  airplanes  are  not  causing  much  change  in 
the  world  ozone,  but  fifteen  years  from  now  it 
will  be  more  difficult  to  determine  the  relative 
contributions  of  major  causes.  The  monitoring 
programs  of  fifteen  years  from  now  will  be 
challenged  to  define  not  only  the  change  in 
world  ozone  over  a time  period  of  considerable 
duration  (like  ten  years)  but  how  much  of  that 
change  can  be  specifically  attributed  to  aircraft 
flying  in  the  stratosphere. 

There  is  also  the  problem  of  determining  the 
causes  of  other  climate  changes,  as  indicated  in 
Figure  23.  At  the  left  are  two  observable  changes 
in  mean  global  climate.  To  the  right  are  the  many 
possible  causes  of  these  climate  changes.  Only  a 
few  (indicated  in  boxes)  of  the  many  possible 
causes  of  global  temperature  change  can  be 
attributed  to  aircraft.  At  present,  we  lack  the 
tools  for  sorting  out  the  causes.  Only  recently 
have  tools  become  available  for  adequately  de- 
tecting long-term  changes  in  world  ozone  or 
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Figure  22.  Simplified  reverse  discrimination  tree  for  surface  UV-B  increase. 
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Figure  23.  Simplified  reverse  discrimination  tree  for  tropospheric  temperature  changes. 
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climatic  variables.  But  it  will  be  a great  challenge 
for  science  in  the  next  decade  to  obtain  suffi- 
cient knowledge  about  these  processes  that  long- 
term changes  of  world  ozone  and  climate  can  be 
recognized  in  the  observed  data,  and  to  assess  the 
contribution  of  each  of  the  many  possible  causes. 

Let  us  turn  now  to  the  question:  “How  may 
the  number  of  aircraft  be  expected  to  grow  in 
the  future?”  Figure  24  shows  numbers  of  aircraft 
in  the  future,  as  projected  by  various  studies.  At 
the  top  of  the  figure  are  shown  the  projected 
expansion  of  the  subsonic  fleet  (solid  line)  and 
an  upper  limit  of  estimates  (dashed  line).  (Upper 
limit  means  that  there  is  95%  confidence  that  the 
number  will  be  smaller.)  Several  different  esti- 
mates of  the  supersonic  aircraft  fleet  appear  in 
the  lower  curves  (solid  lines).  Again,  the  dashed 
line  shows  an  upper  limit.  By  1978  about  30 
civilian  supersonic  airplanes  may  be  expected  to 
be  flying.  If  these  numbers  grow  with  demand, 
they  may  become  large  in  the  ensuing  decades. 


CA4.INOM  VIM 

Figure  24.  Projected  aircraft  fleets  (references  listed 
in  Grobecker  et  al.,  1974). 

For  the  purposes  of  making  worst-case  estimates 
only  (not  as  a projection),  CIAP  used  the  “upper 
limit”  growth  curves.  Remember  that  this  dashed 
line  is  not  a projection;  it  is  a curve  which  has  a 
95%  probability  of  including  all  possibilities  of 
growth.  In  other  words,  the  dates  corresponding 


to  the  numbers  shown  by  these  dashed  curves  are 
the  earliest  conceivable  dates  at  which  these 
levels  could  be  reached,  and  for  a given  date,  the 
numbers  of  aircraft  shown  by  the  dashed  line 
almost  surely  exceed  those  that  will  occur. 

The  CIAP  analysis  has  traced  some  possible 
consequences  of  a proliferation  of  airpiar.es 
under  the  admittedly  dubious  assumption  that 
there  will  be  no  technological  change  between 
now  and  the  futu  ates.  Although  such  an 
assumption  is  not  historically  justified,  it  seemed 
important  to  portray  what  could  happen  with 
inaction. 

Projected  oxides-of-nitrogen  emission  indices 
are  shown  in  Figure  25.  The  first  entry  shows 
that,  with  current  technology,  the  emissions  of 
subsonic  aircraft  (such  as  the  Boeing  747)  con- 
tain about  16  grams  of  NOx  per  kilogram  of  fuel 
burned,  and  that  those  of  the  supersonic  vehicles 
(such  as  the  Concorde  and  the  TU-144)  give 
about  18  grams  of  NOx  per  kilogram  of  fuel.  As 
a consequence  of  current  efforts  to  clean  up 
airports,  emission  indices  of  future  engines  may 
be  reduced  by  50%  in  the  case  of  subsonics  and  a 
smaller  factor  in  the  case  of  supersonics.  But  the 
goals  for  1985  and  1990,  the  technology  for 
which  has  not  yet  been  demonstrated  but  is  the 
subject  of  energetic  efforts  by  NASA  and  by  the 
aircraft  engine  manufacturers,  is  that  the  NOx 
emissions  of  subsonics  and  supersonics  be  re- 
duced by  a factor  of  almost  6 by  1990. 


ENGINE  TYPE  (AIRCRAFT  SYSTEM) 

NOx  EMISSION  INDEX: 
g(N02)/kg  FUEL 

CURRENT  TECHNOLOGY  (OPERATIONAL 
THROUGH  1985) 

- SUBSONIC  (JT97D/B747) 

16 

- SUPERSONIC  (CONCOROE) 

18 

ANTICIPATED  REDUCTION  TECHNOLOGY 
(IMPLEMENTED  1980  1985  TIME  FRAME) 

- SUBSONIC 

8 

- SUPERSONIC 

12  14 

ADVANCED  REDUCTION  TECHNOLOGY 
(POSSIBLE  BY  1985  1990) 

- SUBSONIC 

3 

- SUPERSONIC 

3 

PROJECTED  MINIMUM 

- SUBSONIC 

0.3 

- SUPERSONIC 

0J 

Figure  25.  Projected  NOx  emission  indices. 
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Although  the  direction  this  improvement 
will  take  is  known,  it  is  a far  cry  from  demonstra- 
tion in  the  laboratory  to  having  an  engine  which 
has  been  tested  and  certified  for  flight  opera- 
tions. The  latter  represents  a task  of  about 
$50,000,000  magnitude  at  the  very  least.  It  will 
not  be  done  for  any  reason  that  we  know  of 
except  concern  for  the  environment.  The  pro- 
jected minimum  emission  index  in  Figure  25, 
which  is  about  60  times  smaller  than  that  of 
present  technology,  is  a theoretical  limit. 

Figure  26  shows  the  possible  timing  of  new 
development  that  is  required.  The  upper  plot 
gives  fuel  burned  at  high  altitude  by  supersonic 
aircraft  versus  ozone  reduction  in  the  Northern 
Hemisphere.  Point  A denotes  the  amount  that  is 
being  produced  by  present-day  aircraft.  Point  B 
shows  the  effect  of  140  supersonic  aircraft,  a 
level  which  cannot  occur  earlier  than  1985. 
Points  C,  C\  and  C"  show  the  effect  of  820 
aircraft,  a level  which  is  not  expected  to  be 
reached  before  1995,  more  probably  later.  The 
prime  indicates  an  effect  of  a sixfold  reduction 
from  today’s  emission  levels,  a double  prime  the 
effect  of  a sixty  fold  reduction. 

The  upper  curve,  from  A to  B to  C to  D, 
shows  the  effect  of  a fleet  which  is  not  regulated, 
and  which  continues  to  use  engines  of  1974 
technology,  but  proliferates  to  the  sizes  indi- 
cated. The  growth  curve  passes  through  a number 
of  levels  representing  different  degrees  of  change 
of  the  Northern  Hemisphere  ozone.  The  0.1% 
level  is  the  change  due  to  presently  existing 
1974-type  subsonic  aircraft. 

Supersonics’  emissions  cannot  match  those 
of  subsonics  at  present,  but  they  do  reach,  before 
1985,  a level  equivalent  to  about  a 0.5%  change 
in  ozone,  which  may  be  barely  discernible  in  ten 
years  of  observation  from  a complete  system 
using  satellites.  Some  time  after  1985  (possibly 
before  the  time  indicated  by  C),  the  effects  of 
pollution  by  unimproved  supersonics  may  exceed 
the  5%  change  in  ozone  which  can  be  discerned 
in  ten  years  of  observation  by  a single-station 
system. 

Now,  A,  B,  C,  and  D represent  the  effects 
for  unchanged  technology.  But  energetic  efforts 
to  change  the  technology  are  now  going  on.  The 
change  can’t  be  accomplished  overnight;  a ten-to- 
fifteen-year  development  time  is  needed  to 
improve  engines.  The  growth  curves  C'  and  D’ 


show  the  effects  of  aircraft  engines  characterized 
by  a sixfold  improvement  of  NOx  emissions.  The 
effects  of  engines  with  a sixtyfold  improvement 
are  shown  by  the  curves  C"  and  D".  If  the  NOx 
emissi'  reduction  described  by  the  double 
prime  could  be  achieved  by  1990,  then  the 
curves  stay  near  the  change  in  ozone  which  is 
barely  discernible  in  ten  years  of  observation. 

The  barely  discernible  change  in  ozone,  a 
0.5%  decrease  in  the  Northern  Hemisphere,  may 
be  characterized  in  several  ways.  It  is  the  change 
caused  by  about  120  Concordes  flying  at  alti- 
tudes between  15  and  17  kilometers,  365  days  a 
year,  for  4.5  hours  a day.  It  may  cause  about  a 
1%  change  in  the  incidence  of  skin  cancer  among 
whites  in  the  United  States. 

The  lower  half  of  Figure  26  shows  similarly 
what  the  subsonics’  emissions  growth  will  do. 
The  table  at  the  left  shows  the  number  of 
airplanes.  In  1974,  at  point  P,  the  subsonics  had 
caused  a little  less  than  0.1%  decrease  of 
Northern  Hemisphere  ozone.  By  as  early  as  1985, 
the  change  due  to  subsonics  may  be  as  much  as 
0.5%,  a barely  detectable  value.  The  solid  line 
shows  what  happens  if  we  successfully  improve 
those  engines,  as  is  thought  possible. 

Figure  27  shows  the  effect  of  sulfur  dioxide 
(S02)  emissions,  due  to  burning  of  sulfur  in  the 
fuel  of  supersonic  aircraft.  The  measurable 
stratospheric  barely  discernible  change  is  a 10% 
increase  in  average  stratospheric  optical  thick- 
ness. Flight  operations  of  more  than  2000 
aircraft  would  be  required  to  produce  a change 
of  this  size  ( 10%),  which  in  turn  would  result  in  a 
change  of  about  0.07°C  in  the  mean  global 
temperature.  The  impact  of  a 10%  change  of 
stratospheric  optical  thickness  is  very  small.  The 
growth  of  the  S02  effect  of  supersonics  begins  to 
approach  the  1974  subsonic  level  by  1985,  and 
will  exceed  that  value  of  minimum  discernibility 
(10%)  not  earlier  than  1995.  Unless  technical 
remedies  are  applied,  these  non-UV  climatic 
effects  will  occur  not  much  later  than  the 
measurable  change  of  ultraviolet  radiation. 
Although  we  do  not  have  a problem  today,  we 
may  have  serious  problems  in  the  foreseeable 
future  unless  some  action  is  taken.  Ten  or  fifteen 
years  are  required  to  provide  the  technical 
solution;  that  may  be  all  the  time  we  have  for 
solutions  other  than  the  Luddite  one  of  elimi- 
nating the  machine.  It  is  important  that  we  begin 
now  to  anticipate  the  problem. 
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Introducing  a comparison  of  costs.  Figure  28 
shows  the  present  value  of  some  aerosol  pollu- 
tion, projected  to  years  ahead  for  a few  selected 
indicators  under  the  assumption  that  airplanes 
increase  in  the  exaggerated  way  already  described 
(maximum  conceivable  growth  in  numbers  with- 
out benefit  of  technological  improvement).  The 
dashed  lines  show  the  costs  of  two  remedies:  the 
discounted  annual  cost  of  a monitoring  program, 
and  the  total  cost  of  desulfurization.  The  latter 
represents  about  a half-cent  per  gallon,  or  20 
cents  per  barrel,  and  is  a relatively  small  fraction 
of  the  cost  of  aviation  fuel. 


(5%  discount  rate). 


The  costs  of  these  remedies  are  an  order  of 
magnitude  smaller  than  the  several  ecological 
consequences  estimated.  The  estimates  of  eco- 
nomic consequences  shown  here  have  uncertain- 
ties indicated  by  error  bars.  One  can  choose  the 
most  pessimistic,  the  most  optimistic,  or,  as  we 
have  done,  the  middle  value  for  prediction. 
Presumably,  the  sum  of  all  ecological  effects  of 
stratospheric  pollution  is  greater  than  the  sum  of 
the  few  examples  that  we  have  shown  here,  and 
much  greater  than  the  cost  of  remedies.  (We 
should  note,  though,  that  not  all  the  effects  are 
bad;  for  example,  at  the  bottom  of  Figure  28  are 
shown  two  examples  of  crops  (com  and  wheat  in 
the  U.S.)  that  would  benefit  by  the  cooling  due 
to  increased  aerosols. 


MEASURES  NEEDED 

The  arguments  which  I have  described  so  far 
led  to  the  conclusions  described  in  the  beginning 
of  this  paper,  and  the  recommendations  based  on 
those  conclusions.  Let  us  now  address  what 
needs  to  be  done.  Figure  29  shows  steps  which 
need  to  be  taken  in  the  future.  As  indicated  in 
the  figure,  CIAP  has  uncovered  many  of  the 
problems  of  stratospheric  pollution  by  aicraft, 
and  suggested  some  possible  technical  solutions 
to  those  problems.  It  has  tried  to  do  this  in  such 
a way  that  the  scientific  facts  could  be  debated 
without  regard  to  our  opinions  as  to  the  fitting 
action. 

The  first  step  needed  is  research  into  and 
development  of  non-polluting  aircraft  engines 
and  fuels.  The  next  most  urgent  step,  which  I 
hope  has  been  begun  by  the  Environmental 
Protection  Agency  (EPA),  is  the  establishment  of 
appropriate  standards  for  the  quality  of  strato- 
spheric air.  The  establishment  of  air-quality 
standards,  while  based  on  a scientific  understand- 
ing of  the  consequences  of  pollution,  must  also 
take  into  account  the  subjectively  derived  criter- 
ion of  public  acceptability.  “What  is  acceptable?" 
might  be  phrased  in  this  case  as  “What  is  the 
acceptable  deviation  from  the  present  annual 
mean  of  total  overhead  ozone?”  Would  we 
accept  a 1%  change?  A 0.5%  change?  A 0.1% 
change?  A 50%  change?  That  is  the  number  that 
must  be  determined  first  by  EPA,  and  then  by 
Congress,  and  ultimately  by  the  people  of  the 
United  States. 


, ....  — L t-- 
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The  next  step  following  the  determination 
of  acceptable  standards  of  air  quality  is  the 
decision  as  to  what  are  appropriate  standards  for 
aircraft  engine  emissions.  In  this  step,  in  addition 
to  meeting  the  chosen  air-quality  standard,  one 
must  consider  some  other  factors.  The  number  of 
sources  of  pollution  must  be  taken  into  account. 
The  number  of  airplanes  that  will  be  flying  and 
the  time  of  flight  of  each  in  the  stratosphere 
become  considerations  quite  as  important  as  the 
emission  characteristics  of  the  individual  aircraft. 
Moreover,  engine-emission  standards  have  to 
be  technically  realizable.  Engine  emission  stan- 
dards which  cannot  be  attained  should  not  be 
prescribed. 

In  the  U.S.,  the  determination  of  engine- 
emission  standards  is  the  role  of  the  EPA  in 
conjunction  with  the  Federal  Aviation  Adminis- 
tration (FAA).  Domestic  aircraft  regulations 
based  on  the  standards  are  established  by  the 
FAA  in  the  United  States,  but  stratospheric 
pollution  is  really  an  international  problem. 
Wherever  the  source  may  be,  the  effects  of 
pollution  are  felt  everywhere. 

Paralleling  the  U.S.  efforts  described  in 
Figure  29,  there  must  be  similar  activity  in  the 
international  community.  Already  there  are 
extensive  programs  in  half  a dozen  countries 
whose  representatives  are  here  today.  These 
parallel  environmental  study  groups  include  the 
U.K.  Committee  on  Meteorological  Effects  of 
Stratospheric  Aircraft  (COMESA),  and  the 
French  study  group  on  the  Consequences  des 
Vols  Stratospheriques  (COVOS).  The  work  of 
these  groups  and  similar  ones  in  Canada,  Japan, 
Australia,  and  the  Soviet  Union,  and  the  World 
Meteorological  Organization  (WMO),  the  World 
Health  Organization  (WHO),  and  the  Inter- 
national Civil  Aviation  Organization  (ICAO), 
may  lead  to  a world  agreement  on  air-quality 
standards  and  the  appropriate  regulatory  action. 
The  parallel  studies  by  institutions  abroad  and  by 
the  National  Academies  of  Science  and  of  Engi- 
neering in  the  U.S.  ensure  that  the  questions  of 
stratospheric  pollution  will  be  equitably  handled, 
whether  they  corroborate  the  conclusions  of 
CIAP  reported  here  or  improve  on  them. 

Regulation  on  an  international  basis  is  only 
the  first  part  of  sensible  solution.  The  second 
part,  closing  the  loop,  has  to  do  with  determining 
the  true  results  of  the  preceding  ten  or  fifteen 
years  of  regulated  aircraft  activity.  For  loop- 
closing to  be  effective  ten  or  fifteen  years  from 


now  in  identifying  the  effects  of  pollution  of  the 
stratosphere  by  aircraft,  the  effects  of  other, non- 
aircraft sources  of  stratospheric  pollution  (for 
example,  Freons,  volcanism,  and  atmospheric 
testing  of  nuclear  weapons)  must  also  be  recog- 
nized to  avoid  confusion  as  to  the  source  of 
change.  In  addition  to  the  stratospheric  effects  of 
stratospheric  pollution,  there  are  also  tropo- 
spheric effects  of  stratospheric  pollution  (which 
may  also  be  confused  by  multiple  causes)  and 
biospheric  effects. 

Proper  monitoring  for  changes  in  the  strato- 
sphere, the  troposphere,  and  the  biosphere  seems 
to  imply  a requirement  for  diagnosis  as  to  cause 
of  change.  Perhaps  the  National  Aeronautics  and 
Space  Administration  (NASA)  and  the  National 
Oceanic  and  Atmospheric  Administration 
(NOAA)  will  be  the  agencies  which  lead  in  ac- 
complishing this  necessary  function.  Whoever 
leads,  it  is  important  to  the  Department  of  Trans- 
portation that  the  future  analysis  of  the  effects 
of  stratospheric  change  properly  identify  which 
effects  can  be  attributed  to  aircraft.  Such  analysis 
will  constitute  the  basis  for  future  reevaluation 
of  air-quality  standards,  of  engine-emission  stan- 
dards, and  of  aircraft  regulation. 
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The  CIAP  study  will  be  terminated  in  late 
1975,  when  we  publish  the  final  six  monographs. 
At  that  tiYne  the  Federal  Aviation  Administra- 
tion will  assume  the  responsibility  for  continuing 
a program  based  on  the  scientific  conclusions  of 
CIAP. 

CIAP  has  identified  NOx  and  S02  as  the  two 
exhaust  pollutants  that  can  perturb  the  natural 
stratosphere  and  therefore  our  living  environ- 
ment. In  order  to  fully  understand  the  effects  of 
these  gases,  we  must  first  understand  the  physics 
and  chemistry  of  the  natural  stratosphere,  and 
then  the  interaction  of  these  exhaust  gases  with 
the  stratosphere. 

As  Dr.  Grobecker  mentioned,  the  measuring 
and  monitoring  programs  with  which  the  FAA  is 
concerned  are  designed  in  the  short  term  to  help 
us  better  understand  the  behavior  of  the  strato- 
sphere. Obviously  we  must  establish  the  baseline 
for  natural  stratospheric  conditions  before  the 
advent  of  large-scale  stratospheric  flight.  We 
recognize  that  even  now  the  stratosphere  is  being 
disturbed  by  exuaust  from  high-flying  subsonic 
aircraft,  and  may  soon  be  appreciably  affected 
by  the  injection  of  chlorine,  which  results  from 
the  widespread  use  of  “freons”  in  spray  cans. 

Some  basic  contributions  to  the  FAA’s  mon- 
itoring and  measurement  program  will  come 
from  NASA’s  Office  of  Space  Science,  which  is 
studying  atmospheric  pollution.  NASA’s  long- 
range  objectives  are  to  study  the  physics  and 
chemistry  of  the  stratosphere  and  to  investigate 
the  action  of  the  space  shuttle’s  exhaust  on  the 
natural  stratosphere.  NASA’s  Office  of  Applica- 
tions is  initiating  a development  program  for  a 
satellite-borne  instrument  which  will  eventually 
monitor  the  critical  chemical  gases  and  small  par- 
ticles in  the  stratosphere.  The  newly  developed 


instruments  will  be  tested  on  Nimbus  G,  which 
will  be  flown  in  1978  or  1979. 

NOAA  will  continue  its  present  extensive 
modeling  of  the  atmosphere  and  its  studies  of 
stratospheric  pollution.  NOAA’s  laboratories  will 
direct  a substantial  amount  of  effort  to  the  study 
of  reaction  rates  and  methods  of  measurement  of 
minor  constituents  in  the  atmosphere.  Studies  of 
global  ozone  will  be  extended  by  analysis  of 
satellite  observations  of  the  backscattered  ultra- 
violet radiation,  from  which  the  daily  column  of 
total  ozone  may  be  estimated.  In  addition,  data 
gathered  earlier  by  Nimbus  will  be  analyzed  in  an 
attempt  to  increase  our  knowledge  of  the  back- 
ground or  baseline  data. 

In  sum,  NOAA  will  operate  a world-wide 
network  for  obtaining  measurements  of  total 
ozone  column  and  the  aerosol  content  of  the 
stratosphere. 

As  a direct  result  of  the  CIAP  findings,  the 
NASA  Lewis  Research  Center  is  about  to  launch 
a program  to  develop  a combustor  with  reduced 
NOx  emissions.  NASA  Lewis  was  a major  con- 
tributor to  CIAP  Monograph  2,  “Propulsion 
Effluents  in  the  Stratosphere.”  This  monograph 
predicted  the  emission  levels  through  the  1990’s. 
On  the  basis  of  these  predictions,  and  the 
recommendations  of  the  CIAP  Report  of  Find- 
ings, which  you  heard  here  this  morning,  NASA’s 
Clean  Combustor  Program,  which  was  initally 
aimed  at  reducing  NOx  during  landing  and 
takeoff,  was  broadened  to  include  some  study  of 
the  cruise  NOx  emissions  and  possible  reductions 
of  them.  The  NASA  commitment  to  this  work 
includes  in-house  laboratory  work,  university 
research  grants,  and  industry  technology 
contracts. 


Mi.  Stoney  is  now  Deputy  Director,  Office  of  the  Director  of  Defense  Research  and  Engineering,  in  the  Office  of  the 
Secretary  of  Defense. 
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The  experimental  clean-combustor  projects 
for  large  subsonic  engines  were  expanded  in  1974 
to  study  the  influence  of  typical  supersonic 
cruise  operating  conditions  on  the  NOx  emission 
levels.  Data  from  these  tests  show  that  significant 
reductions  in  NOx  can  be  achieved,  but  much 
work  is  to  be  done  in  the  future.  It  is  important 
to  remember,  too,  that  any  engine  changes  must 
also  recognize  the  national  need  for  energy 
conservation.  NASA  has  a six-year  program 
emphasizing  cruise  NOx  reduction  for  both 
subsonic  and  supersonic  aircraft  now  in  the 
planning  stages. 


With  regard  to  sulfur  dioxide,  Dr.  Grobecker 
mentioned  that  emissions  can  be  reduced 


through  the  use  of  existing  oil-refinery  tech- 
nology. This  is  a little  complicated,  since 
apparently  some  fuel  constituents  needed  to 
lubricate  portions  of  the  engine  are  related  to  the 
level  of  sulfur  in  the  fuel.  This  problem  needs  to 
be  investigated,  and  engine  manufacturers  are 
aware  of  it. 

In  conclusion,  DOT  and  the  FAA  will 
continue  the  research  and  monitoring  aspects  of 
CIAP,  and  they  will  work  in  concert  with  other 
United  States  agencies  to  do  so.  DOT  considers  it 
mandatory  that  the  momentum  generated  by 
CIAP  be  sustained  and  applied  to  solving  any 
related  problems  that  may  arise.  I think  the 
multi-agency  plans  I mentioned  are  moving  in  the 
right  direction. 


EDWARD  C.  CREUTZ, 
CHAIRMAN 


Assistant  Director  for  Research 
National  Science  Foundation 


FREDERICK  A.  MEISTER 


Deputy  Associate  Administrator  for  Policy  Development 
and  Review 

Federal  A viation  Administration 


ROBERT  H.  CANNON,  JR. 


Chairman,  Division  of  Engineering  and  Applied  Science 
California  Institute  of  Technology 


Gordon  j.  Macdonald 


Director,  Environmental  Studies  Program 
Dartmouth  College 


EDMOND  A.  BRUN 


President 

Consequences  des  Vols  Stratospheriques  (France) 


ROBERT  G.  MURGATROYD 


Chairman 

Committee  on  Meteorological  Effects  of  Stratospheric 
Aircraft  (United  Kingdom) 


ROBERT  W.  RUMMEL 


Vice  President,  Technical  Development 
Trans  World  Airlines 


R.  BOYD  FERRIS 


Chief,  Plight  Branch 

International  Civil  Aviation  Organization 


CREUTZ:  I myself  did  not  participate  in  the 
Climatic  Impact  Assessment  Program.  I did  fol- 
low it  with  considerable  interest,  though,  and  I’m 
very  pleased  to  have  been  asked  to  serve  on  this 
panel  which  will  discuss  the  CIAP  Report  of 
Findings.  However,  I would  like  to  aim  my 
remarks  not  so  much  at  the  findings,  but  rather 


at  where  do  we  go  from  here?  The  National 
Science  Foundation  has  been  very  interested  in 
ClAP’s  progress,  and  >n  the  problems  of  strato- 
spheric pollution  that  gave  rise  to  the  program  in 
the  first  place.  These  matters  seem  to  me  to  be 
excellent  examples  of  potentially  serious  difficul- 
ties that  require  considerable  basic  research  to 
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help  us  focus  on  the  real  issues  and  discuss  them 
from  the  vantage  point  of  reasonably  sound 
understanding  of  the  fundamental  phenomena 
involved. 

Let  us  look  a little  at  what  was  known  about 
the  stratosphere  before  GAP  was  initiated,  that 
prompted  scientists  and  engineers  to  pose  the 
question  of  what  an  SST  fleet  might  do  to  the 
ozone  layer.  It  became  clear  near  the  start  of 
CIAP  that  the  catalytic  reactions  involving  NOx 
and  HOx  were  the  ones  we  had  to  worry  about 
most.  Our  knowledge  of  these  reactions  stems 
from  early  basic  work  in  laboratory  chemistry  - 
for  example,  that  o£  Professor  Johnston  at 
Berkeley,  who  will  speak  to  us  tomorrow.  Our 
awareness  of  the  effects  of  these  catalysts  on  the 
ozone  layer  resulted  from  basic  research  on  the 
D-region  of  the  ionosphere.  The  models  of  the 
dynamics  of  the  stratosphere  that  have  been 
developed  recently  drew  upon  earlier  models  of 
the  general  circulation  of  the  atmosphere  which 
had  been  developed  at  the  National  Center  for 
Atmospheric  Research,  at  the  National  Oceanic 
and  Atmospheric  Administration’s  Geophysical 
Fluid  Dynamics  Laboratory,  and  at  the  Univer- 
sity of  California  at  Los  Angeles. 

I am  impressed  with  how  CIAP  successfully 
coordinated  and  steered  a strong  and  very  wide- 
ranging  effort  in  basic  stratospheric  research, 
together  with  a parallel  effort  in  aircraft  engine 
technology  and  development.  But  what  is  the 
future  of  atmospheric  and  stratospheric  research? 
It  seems  that  problems  relating  to  the  weakening 
of  the  ozone  layer  are  still  with  us.  Freons,  the 
Shuttle  emissions,  and,  as  we  have  more  recently 
realized,  the  biological  reactions  involved  in 
denitrification  from  fertilizers  - all  require  basic 
research,  particularly  on  the  chemistry  involved. 

I believe  that  the  dynamical  modeling  of  the 
stratosphere  is  well  under  way.  Traditionally,  the 
National  Science  Foundation  has  supported  basic 
research  in  this  area,  as  in  all  areas  of  science.  In 
the  future,  the  Foundation  will  continue  its 
support  of  stratospheric  chemistry,  with 
emphasis  on  measurement  of  the  pertinent  trace 
constituents  - an  extremely  difficult  business 
requiring  accuracies  of  parts  per  trillion  - in 
laboratory  reaction  chemistry  and  in  the  field  of 
heterogeneous  chemistry  generally. 

I should  like  to  emphasize  that  it  is  difficult 
and  indeed  scientifically  unreasonable  to  divorce 
stratospheric  chemistry  from  tropospheric 


chemistry.  An  example  that  comes  to  mind  is  the 
OH  radical,  which  plays  an  important  role  in  the 
chemistry  of  both  regions.  In  the  stratosphere,  it 
reacts  with  trace  constituents  such  as  03,  HC1, 
and  NOx ; in  the  troposphere  it  is  involved  in  the 
formation  of  photochemical  smog,  reacting  with 
unsaturated  hydrocarbons,  ozone,  and  possibly 
sulfur  dioxide. 

I believe  that  CIAP,  apart  from  its  very 
important  role  in  assessing  the  effects  of  SST 
emissions  on  the  stratosphere  - and  that’s  what 
we  are  hearing  most  about  today,  of  course  — has 
served  in  a subtle  way  as  an  excellent  example  of 
how  scientists  and  engineers  have  cooperated 
internationally  in  responding  to  a pressing 
problem.  It  has  pointed  clearly  to  avenues  of 
research  which  must  be  followed  if  we  are  to 
avoid  recurring  “crises”  regarding  the  strato- 
sphere. This  example  may  well  make  people 
aware  that  an  ever-increasing  knowledge  of  our 
environment,  which  can  be  acquired  only  by 
continually  asking  questions  about  how  nature 
really  works,  is  essential  for  human  well-being. 

MEISTER:  I’d  like  to  take  a few  minutes  to 
outline  for  you  how  we  at  the  FAA  view  our 
responsibilities  and  the  nature  of  the  program 
that  we  intend  to  undertake  over  the  course  of 
the  next  two  years. 

As  Dr.  Grobecker  said  this  morning,  there 
are  still  a good  number  of  scientific  uncertainties 
regarding  the  effect  of  SST’s  on  the  stratosphere. 
We  know  that  there  are  no  discernible  health 
hazards  now,  but  more  precise  knowledge  is 
needed  to  ensure  that  they  are  avoided  in  the 
future.  In  developing  environmental  regulations, 
it  is  the  FAA’s  responsibility  to  protect  public 
health  and  welfare.  But  by  law  our  rules  must 
also  not  downgrade  safety;  they  must  also  be 
economically  reasonable  and  technically  practi- 
cable. With  these  various  points  in  mind,  we  are 
undertaking  our  program  in  high-altitude  pollu- 
tion research  and  monitoring  to  provide  the 
technical  basis  for  any  eventual  regulatory 
action.  Furthermore,  the  High-Altitude  Pollution 
Program  (HAPP)  will  not  be  continued  in  isola- 
tion. We  are  integrating  it  into  our  total  environ- 
mental program,  which  is  also  concerned  with 
aircraft  noise  and  low-level  aircraft  emissions,  as 
well  as  environmental  assessment  of  airport 
development  projects,  including  the  effect  of 
SST's  coming  into  the  United  States. 
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HAPP,  our  continuing  monitoring  and 
research  program,  will  aim  at  four  objectives. 
First,  it  will  join  with  other  programs  in  trying  to 
reduce  the  current  scientific  uncertainties. 
Second,  it  will  ascertain  whether  atmospheric 
quality  is  being  maintained.  Third,  it  will  provide 
guidance  for  decisions  concerning  regulatory 
actions.  Fourth,  it  will  investigate  how  to  mini- 
mize the  cost  of  providing  any  of  the  required 
environmental  safeguards.  In  the  short  term, 
HAPP’s  primary  concern  is  simply  a better 
understanding  of  the  natural  stratosphere  and  the 
effects  of  aircraft  on  it. 

As  Dr.  Stoney  indicated,  after  a baseline  has 
been  established,  the  emphasis  will  shift  to 
directly  monitoring  the  effects  of  stratospheric 
flight.  Although  FAA  will  maintain  some  activity 
in  modeling  and  chemical  dynamics  in  order  to 
better  develop  our  diagnostic  tools,  the  basic 
contributions  to  the  monitoring  efforts  will  come 
mainly  from  NASA  and  NOAA. 

In  undertaking  the  HAPP  effort,  the  FAA 
proposes  to  spend  in  FY75  approximately  $1.7 
million,  half  of  which  will  go  for  monitoring  and 
experiments.  In  the  FY76  budget  recently  sub- 
mitted to  the  Congress  by  the  President,  we  are 
requesting  $2  million,  with  about  $ 1 million  of 
that  going  for  monitoring  and  measurement- 
related  experiments,  about  $350,000  for 
modeling,  $250,000  for  chemical-dynamics 
studies,  $200,000  for  engine-emissions  work,  and 
$200,000  for  analysis. 

In  establishing  the  required  standards,  of 
course,  we  will  work  very  closely  with  the  EPA 
and  international  organizations.  Ultimately, 
regulatory  action  governing  emissions  from  air- 
craft operating  in  the  stratosphere  may  be 
required  to  avoid  significant  environmental 
impacts.  As  was  indicated  this  morning,  this 
certainly  will  have  to  be  a joint  undertaking  by 
all  the  nations  concerned,  and  the  FAA  and  EPA 
will  have  the  task  of  helping  to  formulate  an 
international  policy  on  the  regulation  of  fleet 
operations  or  aircraft  emissions.  We  will  be 
working  with  ICAO  as  early  as  this  spring  to  do 
that. 

As  was  also  mentioned,  aircraft  are  only  one 
source  of  high-altitude  pollution.  Their  con- 
tribution is  a function  of  the  number  of  engines, 
the  fuel  used,  the  numbers  of  aircraft  flying,  and 
the  flight  altitude,  and  we  will  have  to  be  very 
careful  in  our  analysis  of  the  fleet  forecasts. 


Now,  as  Dr.  Grobecker  stated  in  the  Report  of 
Findings , CIAP  used  what  might  be  called  the 
most  pessimistic  set  of  assumptions.  The  FAA 
estimates  that  by  the  year  2000  the  maximum 
market  will  be  100  Concorde-type  aircraft, 
including  TU144’s,  with  up  to  200  additional 
new-technology  SST’s.  On  the  other  hand,  the 
market  may  be  as  small  as  16  Concorde-type 
aircraft  and  100  new-technology  SST’s.  (For  this 
projected  range  of  Concorde-type  aircraft,  our 
best  estimate  is  set  at  about  40.)  This  is 
obviously  substantially  fewer  than  the  range  of 
800  to  2500  which  appears  in  the  Report.  We 
expect  the  2000  subsonic  aircraft  currently 
flying  in  the  stratosphere  to  increase  by  50%  to 
100%  by  the  year  2000  - which  should  be 
contrasted  with  the  outer-limit  increase  of  300% 
to  1000%  projected  in  the  Report. 

In  short,  on  the  basis  of  the  CIAP  ‘study  we 
believe  that  no  substantial  environmental  hazards 
are  associated  with  stratospheric  flight  at  present, 
or  probably  for  many  years  to  come.  However, 
the  possibility  that  they  might  exist  is  an 
important  one,  and  the  FAA  is  undertaking  a 
systematic  and  comprehensive  program  of  re- 
search so  that  timely  policies  and  plans  can 
ensure  that  atmospheric  pollution  by  aircraft  will 
never  become  a hazard. 

CANNON:  The  scientific  skill  and  care  and 
responsible  reporting  of  measurements  and  cal- 
culations which  you  in  this  room  and  your 
colleagues  have  brought  to  this  technology  assess- 
ment have  surely  been  exemplary.  They  have 
given  us  a much  better  understanding  of  the 
important  and  difficult  problem  you  have 
addressed.  Scientists  who  carry  out  technology 
assessments  on  other  matters  from  now  forward 
will  do  well  to  study  the  example  you  have  set. 

But  it  is  so  very  difficult  to  convey  to  a 
non-expert  - a newsperson,  for  example,  or 
one’s  friends  - a balanced  picture  of  what  the 
results  mean.  One  is  asked  the  disarmingly  simple 
question,  “Is  there  a problem?”  If  one  answers 
by  saying  “There  is  no  serious  problem  if  we  take 
suitable  preventive  measures,”  the  resulting  head- 
line reads  There  is  No  Problem.  If  one  answers  by 
saying,  “There  is  a serious  problem  unless  we 
take  suitable  preventive  measures,”  the  resulting 
headline  reads.  There  is  a Serious  Problem.  I 
suggest  that  the  answer  has  to  begin,  “By  taking 
suitable  preventive  measures,  we  can  avoid  a 
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serious  problem.”  I haven’t  been  able  to  try  that 
one  out  yet;  I’m  looking  forward  to  doing  so! 

The  central  issue  is  prevention.  If  very  large 
high-altitude  fleets,  either  supersonic  or  subsonic, 
ever  develop,  then  only  through  proper  pre- 
ventive measures  can  the  serious  consequences  to 
which  Professor  Johnston  and  others  have  alerted 
us  be  avoided.  My  personal  single  objective,  and  I 
hope  that  of  every  person  here,  is  to  be  sure  that 
the  preventive  measures,  which  the  CIAP  has 
shown  are  essential  to  protecting  the  environ- 
ment, are  carried  out  without  stint,  starting  now. 
The  CIAP  Report  of  Findings  is  clear:  While 
today’s  aircraft  operations  are  not  a threat, 
engine  emission  standards  will  be  needed  in  the 
future  for  a safe  environment,  if  SST’s  are  to  fly 
in  very  large  numbers.  Such  standards  may  also 
be  needed  if  subsonic  planes  are  to  fly  in  much 
larger  numbers  and  at  higher  altitudes  than  they 
do  today. 

Making  clean  engines  that  comply  with  such 
standards,  and  developing  them  and  moving  them 
into  the  fleets  — both  subsonics  and  SST’s  — will 
take  a decade  or  more.  There  is  no  time  to  lose  in 
starting  the  engine  research.  Any  regulation  to 
structure  such  standards  will  take  years  to 
develop  because  it  must  be  international.  It  has 
to  be  developed  by  the  nations  together,  for 
there  is  only  one  stratosphere,  and  pollution 
anywhere  in  it  is  pollution  everywhere  in  it. 
There  is  no  time  to  lose  in  starting  that  struc- 
turing. Manufacturers  and  operators  need  to 
know  many  years  ahead  what  the  rules  are  likely 
to  be. 

If,  for  once,  we  are  to  prevent  a problem 
instead  of  confronting  a crisis,  we  all  have  to 
dedicate  our  energies  to  getting  the  preventive 
machinery  moving  and  keeping  it  moving;  to 
supporting  the  engine  research  and  the  con- 
tinuing atmospheric  research;  to  supporting  the 
efforts  of  Fred  Meister  and  Charles  Cary  of 
the  FAA  and  their  counterparts  here  and  in  other 
countries.  That’s  what  we’ve  got  to  do  now  that 
the  remarkable  research  of  the  scientists  in  this 
room  and  their  colleagues  has  yielded  the  clear 
results  it  has. 

What  could  keep  us  from  succeeding?  What 
could  prevent  prevention?  What  could  prevent 
preventive  action  from  getting  full  support?  One 
thing  is  a perceived  dichotomy  among  scientists 
- and  I use  the  word  “perceived”  advisedly.  The 
preventive  actions  that  have  to  be  taken  are  going 
to  cost  money.  Engine  research  costs  money. 


Atmospheric  research  costs  money.  Regulatory 
activity  and  the  measurements  to  support  it  cost 
money.  The  OMB  and  the  Congress  have  a prime 
duty  to  spend  money  only  when  it  is  clear  that  it 
is  necessary.  If  scientists  appear  to  disagree,  OMB 
and  the  Congress  will  simply  conclude  that  it  is 
not  clear  that  anything  should  be  done,  and  they 
will  not  fund  the  needed  preventive  measures. 

The  misquotation  of  Dr.  Grobecker  last 
month  was  particularly  unfortunate.  1 should  like 
to  take  this  opportunity  to  set  all  of  you  straight 
on  the  exchange  that  took  place.  Dr.  Grobecker 
was  asked  how  the  study  would  have  been 
affected  if  the  U.S.  had  continued  development 
of  the  SST.  He  replied  that  ‘‘by  this  time  there 
might  not  have  been  enough  airplanes  flying  to 
produce  a measurable  effect.”  It  is  difficult  to 
understand  how  this  statement  could  have  been 
interpreted  as  saying  that  a full  fleet  of  U.S. 
SST’s  would  not  affect  the  ozone  layer,  partic- 
ularly, when  earlier  in  the  same  press  conference, 
he  stated  that,  by  our  estimates,  120  Concordes 
would  indeed  make  a perceptible  change  in  the 
ozone  layer. 

We  need  to  bring  loud  and  unanimous 
support  to  Fred  Meister’s  announcement  that  the 
FAA  will  begin  developing  with  our  friends 
abroad  the  structure  for  whatever  regulations 
may  be  necessary;  to  James  Fletcher’s  announce- 
ment in  Congressional  testimony  last  week  that 
NASA  intends  to  pursue  a program  of  continuing 
atmospheric  research  to  provide  a continually 
improving  scientific  base  for  assessing  possible 
harm  to  the  environment  from  stratospheric 
operations;  and  to  the  continuing  engine- 
technology  program  that  has  just  been  described. 

We  have  got  to  make  it  clear  that  responsible 
people  are  taking  responsible  action  to  ensure 
that  the  stratosphere  will  be  protected.  We  need 
to  be  sure  these  actions  are  supported  by  the 
Congress  and  the  people. 

MACDONALD:  The  first  point  that  I should  like 
to  make  is  that  CIAP  is  a prime  example  of  what 
technology  assessment  means.  It  is  an  examina- 
tion of  a technology  and  the  consequences  of  its 
use,  and  an  evaluation  of  the  costs  and  benefits 
of  its  development.  As  other  technologies  come 
along,  1 hope  that  we  can  look  back  at  this  study 
carried  out  by  Dr.  Grobecker  and  Dr.  Cannon 
and  their  colleagues  and  see  how  these  tech- 
niques can  be  applied. 
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My  second  point  is  that  this  study  empha- 
sizes the  importance  of  looking  at  a long- 
neglected  part  of  the  atmosphere:  the  strato- 
sphere. The  stratosphere  is  so  far  up  that  we 
don’t  interact  with  it  on  a day-to-day  basis.  Yet 
it  has  an  important  effect  on  what  happens  to 
the  surface  on  which  we  live.  I think  that 
focusing  attention  on  this  part  of  the  atmosphere 
will  substantially  increase  our  understanding  of 
our  environment. 

The  third  point  is  that  the  CIAP  emphasizes 
the  delicate  and  important  interactions  between 
climate  and  what  happens  around  the  world. 
Small  fluctuations  in  whatever  parameter  you 
wish  to  take  - annual  average  temperature  is 
sometimes  used  - can  influence  agricultural 
productivity  and  economic  welfare  in  a very, 
very  significant  way.  The  interaction  of  the 
atmosphere  with  the  biosphere  is  part  of  the 
story  that  comes  out  of  CIAP.  It’s  a key  part  of 
the  story,  and  one  that  has  not  been  sufficiently 
emphasized. 

In  addition  to  these  three  major  points, 
there  are  others  that  should  be  noted.  One  is  the 
recognition  that  some  of  the  photochemical 
reactions  which  take  place  in  the  high  atmo- 
sphere have  analogues  that  are  important  in  the 
lower  atmosphere.  The  studies  of  SOx  and  the 
reactions  it  undergoes  are  another  valuable  con- 
tribution. Clearly  the  points  emphasized  in  the 
CIAP  report,  that  the  stratosphere  is  a global 
resource  and  that  control  of  what  happens  there 
can  be  achieved  only  through  international 
cooperation,  is  an  extraordinarily  important  one, 
and  one  that  we  need  to  bear  in  mind  as  we 
discuss  other  problems  of  the  atmosphere  at 
i lower  levels.  International  law  is  not  nearly  so  far 

developed  with  respect  to  the  atmosphere  as  it  is 
with  respect  to  the  sea,  for  example. 

Finally,  there  are  no  black-and-white 
answers  in  science.  Science  deals  with  proba- 
bilities. We  don’t  know  for  sure  what  will  happen 
if  we  have  a fleet  of  500  SST’s  flying  in  the 
stratosphere.  We  can  make  pretty  good  guesses 
that  the  effects  are  likely  to  be  detrimental,  but 
we  can’t  simply  say  that  you’re  going  to  wipe  out 
a certain  fraction  of  the  earth’s  agricultural 
productivity  if  you  fly  500  SST’s  eight  hours  a 
day.  We  just  don’t  have  that  kind  of  data.  We 
couldn’t  accumulate  the  data,  even  with  massive 
infusions  of  money  over  the  next  ten  years,  but 
we  can  say  that  there  is  a high  probability  that 


this  will  happen.  This  distinction  between  saying 
something  is  certain  and  saying  it  may  happen  is 
very  difficult  to  get  across  in  the  media,  par- 
ticularly to  people  who  assume  that  the  scientist 
always  has  a right  answer.  This  is  the  kind  of 
problem  that  we  have  to  face,  not  only  with 
respect  to  the  SST  but  with  respect  to  many 
other  issues  that  relate  public  policy  to  science. 

I think  that  the  CIAP  Report  of  Findings, 
together  with  the  analysis  by  the  NAS,  the  NAE, 
and  the  NRC,  which  substantially  agrees  with  the 
CIAP  report,  will  serve  as  a model  of  the  kind  of 
technology  assessment  we  should  undertake  in  a 
number  of  fields.  1 look  forward  to  working  with 
the  National  Science  Foundation  and  other 
agencies  in  developing  this  kind  of  assessment  of 
future  technologies. 

BRUN:  A considerable  amount  of  work  has  been 
accomplished  by  CIAP  over  the  last  three  years.  I 
wish  to  congratulate  not  only  the  Chairman,  Dr. 
Grobecker,  and  the  Deputy  Chairman,  Mr. 
Coroniti,  but  all  the  authors  for  the  outstanding 
results  documented  in  the  six  CIAP  monographs. 

These  monographs,  in  their  provisional  form, 
were  studied  and  commented  on  by  COVOS  at 
the  particular  request  of  Dr.  Grobecker.  The 
work  performed  by  COVOS  is  more  limited  than 
that  of  CIAP,  and  obviously  we  could  not  pass 
judgment  on  all  the  results  presented  in  these 
monographs  which,  for  us,  have  constituted 
valuable  sources  of  information.  However,  we 
can  give  our  advice  on  the  problems  which  we 
have  dealt  with. 


We  are  glad  to  see  that  our  conclusions  are, 
in  the  main,  similar.  We  could  discuss  a number 
of  details,  but  so  as  not  to  be  too  long  I shall 
limit  myself  to  the  subject  of  stratospheric  flight 
between  16  and  17  kilometers  altitude  - which 
includes  flights  made  by  aircraft  of  the  Concorde 
type.  Restricting  our  remarks  to  this  subject  does 
not  mean  that  the  COVOS  is  interested  only  in 
the  Concorde  problem,  however.  The  scientists 
who  constitute  the  Committee  are  not  linked  in 
any  way  to  the  aeronautical  industry,  and,  like 
the  contributors  to  CIAP,  are  interested  in 
promoting  knowledge  of  stratospheric  science. 


engine  emission,  and  the  biospheric  impact  of 
stratospheric  flight. 

My  first  remark  concerns  the  number  of 
aircraft  of  the  Concorde  type  built  by  1990,  at 
which  date  new  combustion  chambers  emitting 
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less  NOx  might  be  available.  Let  us  make  the 
assumption  that  125  Concorde  aircraft  will  be 
operated  in  1990.  Assuming  a parallel  evolution 
of  the  TU  144,  we  would  have  at  that  date  250 
aircraft  of  the  Concorde  type.  If  each  aircraft 
flies  2000  hours  per  year  and  emits  18  grams  of 
NOx  per  kilogram  of  fuel,  we  would  have, 
through  1990,  a 0.2  X 109  kg  mass  of  NOx 
injected  between  16  and  17  km  altitude.  If  one 
supposes  that  the  American  SST  will  not  be  in 
service  by  1990  and  that  the  number  of  military 
aircraft  will  not  increase  significantly,  the 
amount  of  NOx  emissions  in  the  stratosphere  will 
be  essentially  equal  to  this  figure,  as  subsonic 
aircraft  will  fly  at  altitudes  under  15  km,  and 
will  not  contribute  in  any  important  manner. 
Also,  by  1990  improvements  in  engine  tech- 
nology should  make  it  possible  to  have  decreased 
annual  NOx  emissions,  even  if  the  number  of 
aircraft  continues  to  increase. 

What  we  are  saying  here  does  not  contradict 
the  CIAP  conclusions.  From  the  data  of  the 
CIAP  Report  of  Findings;  0.2  X 109  kg  of  N02 
injected  annually  would  cause  a reduction  of 
0.8%  to  1%  in  the  column  of  ozone,  using  the 
models  adopted  for  CIAP  calculations  (see 
Figures  14  and  16  of  the  Report  and  Table  1 of 
page  xvi  of  the  Executive  Summary). 

A second  remark  concerns  the  validity  of  the 
models  used,  both  our  own  and  CIAP’s.  On  the 
one  hand,  accurate  measurements  were  made  in 
France  of  the  mass  of  nitrogen  oxide  con- 
stituents actually  present  in  the  stratosphere. 
These  measurements,  which  I shall  describe  in  a 
later  paper,  lead  to  an  8 X 109  kg  mass  of 
NOy  = NO  + N02  + HNOj  between  15  and 
40  km.  This  mass  is  far  higher  than  that  shown  in 
the  CIAP  conclusions;  the  discrepancy  here 
seems  due  simply  to  CIAP’s  smaller  estimate  of 
the  mass  of  HNOj.  On  the  other  hand,  a large 
discrepancy  exists  between  evaluations  of  the 
residence  time.  For  example,  at  17  km,  Reiter 
finds  a residence  time  of  the  order  of  a few 
months,  and  Fabian  and  Libby  one  of  about 
eighteen  months.  Due  to  the  rapid  elimination  of 
HNOj  towards  the  troposphere  by  the  steep 
gradient  of  its  vertical  distribution  curve,  we  can 
reasonably  accept  the  results  of  Reiter.  Con- 
sequently, the  total  reduction  of  ozone  in  1990 
would  be  rather  smaller  than  1%. 

In  view  of  the  above  considerations,  we  have 
good  reason  to  think  that  these  models,  and 


consequently  the  conclusions  that  may  be  drawn 
from  them,  constitute  an  upper  limit.  Thus, -it 
does  not  seem  that  in  1990  the  decrease  in  the 
amount  of  ozone  will  reach  the  threshold  of 
0.5%  considered  as  barely  discernible  by  CIAP. 

COVOS,  like  CIAP,  would  like  to  see  in  the 
coming  years  a program  to  carefully  control  and 
monitor,  in  an  international  framework,  the 
evolution  of  the  stratosphere,  and  to  draw  up 
any  regulations  needed  after  1990.  France  will 
gladly  participate  in  such  a program. 

A third  remark  I make  on  behalf  of  the 
biologists  of  the  COVOS.  They  want  to  underline 
the  good  agreement  among  the  various  compu- 
tations of  the  effects  of  UVB  on  the  skin  of  the 
white  man  (they  agree  on  an  increase  of  2%  in 
erythemal  or  carcinogenic  activity  of  solar  UV 
for  a decrease  of  1%  in  the  amount  of  ozone). 
However,  they  also  remark  that  the  Report  does 
not  attach  enough  importance  to  the  biological 
effects  which  result  from  the  interaction  of  solar 
UV  with  the  genetic  material  of  prokaryotes 
(unicellular  organisms)  that  are  the  exclusive 
producers  of  amino  acids. 

A fourth  remark  concerns  the  economic 
impact  of  climate  change  which  might  arise  from 
the  presence  of  aerosols  in  the  stratosphere.  In 
this  area,  many  studies  have  been  carried  out  on 
risks,  and  far  fewer  on  benefits.  Furthermore,  in 
the  assessment  of  risks,  it  seems  to  us  that  the 
possibilities  of  adaptation  by  change  of  species  in 
crops,  or  even  by  natural  adaptation  of  animals 
or  plants,  have  not  been  correctly  taken  into 
account.  In  Canada,  during  the  last  twenty  years, 
certain  crops  have  spread  northward,  that  is  to 
say  toward  average  temperatures  4 to  5°C  colder. 
There  again,  the  large  effects  stated  for  tempera- 
ture variations  much  smaller  than  5°C  should  be 
considered  as  a maximum. 

I should  like  to  end  with  two  wishes.  The 
first  one  is  that  we  concern  ourselves  as  much 
with  the  presence  of  C10x  as  with  NOx  in  the 
stratosphere.  We  need  further  knowledge  of  the 
effects  of  Freons  released  by  spray  cans.  My 
second  wish  is  that  people  be  better  educated  as 
to  the  dangers  of  longer  and  longer  sunbaths  by 
barer  and  barer  people.  Could  we  not  inaugurate 
a nostalgia  fashion,  where  people  would  wear 
large  hats  and  be  protected  by  parasols? 

MURGATROYD:  I would  like  to  start  by  con- 
gratulating Dr.  Grobecker  and  his  colleagues  on 
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the  important  advances  that  they  have  made  in 
knowledge  and  understanding  of  the  atmosphere 
through  the  Climatic  Impact  Assessment  Pro- 
gram. The  United  Kingdom’s  Committee  on 
Meteorological  Effects  of  Stratospheric  Aircraft, 
COMESA,  are  also  very  grateful  to  the  CIAP  for 
the  exchange  of  data  and  general  cooperation  of 
the  last  three  years,  and  for  allowing  me  the 
opportunity  to  make  a few  comments  on  the 
CIAP  Report  of  Findings.  My  remarks  will  be 
brief  and  mainly  limited  to  a few  of  the 
conclusions  presented  in  the  Executive  Sum- 
mary, since  we  received  this  rather  compre- 
hensive report  quits  recently,  and  have  not  been 
able  to  study  it  in  as  much  detail  as  we  might 
wish. 

First,  the  results  of  the  studies  made  so  far 
by  the  COMESA  certainly  support  the  finding 
that  operations  by  present-day  SST  aircraft 
would  cause  climatic  effects  which  are  smaller 
than  minimally  detectable.  Moreover,  the  evi- 
dence is  that  it  will  not  be  possible  to  measure 
with  any  certainty  effects  which  can  unam- 
biguously be  ascribed  to  the  numbers  of  SST’s 
thought  likely  to  enter  into  service  in  the  next 
one  or  two  decades.  According  to  Table  1 in  the 
Executive  Summary  of  the  Report  of  Findings , 
100  Concordes/TU-144’s  wi‘1  produce  an 
estimated  ozone  reduction  of  0.39%  in  the 
Northern  Hemisphere.  This  figure  is  two  or  three 
times  the  value  we  have  deduced  from  the 
COMESA’s  one-dimensional  model,  but  if  one 
takes  into  account  all  the  uncertainties  in  this 
work,  the  disagreement  is  not  large.  In  any  case, 
values  of  this  order  are  veiy  much  smaller  than 
the  natural  long-term  variations  of  hemispherical 
ozone  amounts,  which  are  in  the  region  of  5 to 
10%. 

Second,  the  CIAP  report  gives  an  estimate  of 
0.5%  for  the  barely  discernible  change  in  global 
mean  ozone  amount.  This  estimate  seems  to  be 
very  optimistic,  in  view  of  the  known  wide 
natural  variability  of  ozone  on  all  time  scales  and 
with  longitude  and  latitude.  If  the  aim  of  the 
proposed  monitoring  is  to  detect  a change  of  this 
magnitude  in  a ten-year  period,  it  is  very  doubt- 
ful that  it  can  be  achieved.  The  reproducibility 
and  lack  of  drift  with  time  of  present  instru- 
ments are  not  good  enough  to  provide  the 
required  accuracy  of  measurement,  even  with  a 
vastly  expanded  observational  network.  And, 
what  is  probably  more  important,  even  if  such  a 


change  were  detected  it  could  not  be  ascribed  to 
any  one  cause,  since  a considerable  number  of 
natural  and  anthropogenic  factors  may  also 
affect  ozone  levels:  for  example,  solar  variations, 
cosmic-ray  effects,  general-circulation  variations, 
and  changes  in  surface  source  levels  of  various 
chemicals  such  as  nitrous  oxide,  Freons,  and 
other  still  largely  unknown  sources  and  sinks. 
And  finally,  it  appears  that  if  the  differences 
between  hemispheres  are  taken  into  account  in 
computing  the  effect  of  emissions  (it  has  been 
argued  that  since  most  of  the  flying  will  take 
place  in  the  Northern  Hemisphere,  ozone  will  be 
considerably  more  affected  there),  the  same 
differences  should  be  remembered  in  considering 
the  monitoring  problem.  The  global  mean  ozone 
change  would  not  reach  0.5%  until  a consider- 
ably larger  change  had  taken  place  in  the 
Northern  Hemisphere.  For  this  reason,  the  direct 
use  of  the  estimates  which  are  given  in  Table  I 
for  the  Northern  Hemisphere,  in  conjunction 
with  the  assumed  0.5%  detection  limit  of  global 
average  ozone  reduction,  leads  to  an  under- 
estimate of  the  number  of  aircraft  needed  to 
produce  a given  global  change.  (See,  for  example, 
page  xvii  of  the  Executive  Summary.) 

Third,  it  should  be  noted  that  although 
CIAP  workers  have  concluded  that  the  climatic 
effects  of  small  numbers  of  SST’s  are  likely  to  be 
undetectable,  they  have  also  concluded  that  a 
large  increase  in  stratospheric  vehicles  would  lead 
to  significant  disturbances  of  the  environment. 
The  first  conclusion  is  supported  by  a good  deal 
yii  independent  evidence,  such  as  the  large 
natural  variability  of  the  atmosphere  and  the  fact 
that  nuclear  tests  have  had  no  major  effects 
on  total  ozone,  whereas  the  second  depends 
basically  on  theoretical  calculations.  Once  a 
process  has  been  included  in  a model,  the  result 
of  the  calculation  must  have  some  dependence 
on  it  and  will  be  unaffected  by  other  processes 
not  included  The  result  can  to  this  extent  be 
considered  f redetermined,  and  dependent  only 
on  the  data  and  the  assumptions  in  that  model. 
For  example,  the  introduction  of  conversions  of 
NOx  to  HNOv  which  were  not  included  in  the 
calculations  of  only  three  or  four  years  ago,  has 
reduced  significantly  the  estimated  effects  of 
SST  operations  on  the  ozone  layer.  The  recent 
suggestion  that  Freons  and  other  substances 
released  at  the  earth’s  surface  may  have  effects 
exceeding  those  estimated  to  result  from  aircraft 
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emissions  illustrates  the  uncertainties  in  the 
subject  and  raises  further  doubts  about  pre- 
dictions which  cannot  be  properly  validated. 
Nevertheless,  it  is  agreed  that  the  ClAP’s 
recommendations,  in  view  of  the  current  state  of 
the  subject,  are  wise  and  prudent.  Research  must 
be  continued;  improved  monitoring,  after  further 
detailed  evaluation,  is  desirable  to  study  all  the 
proposed  factors  which  could  perturb  the  ozone 
layer,  not  only  aircraft;  and  the  development  of 
engine  technology  in  the  future  must  take 
account  of  the  problems  raised  by  the  SST 
emissions,  the  growth  of  stratospheric  aviation, 
and  the  best  current  knowledge  of  the 
stratosphere. 

Fourth,  the  C1AP  has  attempted  to  study 
the  effects  on  the  ozone  layer  of  all  stratospheric 
vehicles.  However,  most  of  the  calculations  con- 
tained in  its  reports  refer  to  large  numbers  of 
aircraft  flying  at  20  km.  This  situation  is  not 
likely  to  occur  for  several  decades  (by  which 
time  the  technology  may  have  changed  con- 
siderably), so  it  hardly  constitutes  a basis  for 
present  decision-making.  The  practical  problem 
we  face  right  now  is  to  study  the  more  realistic 
case  of  a large  number  of  subsonic  aircraft  flying 
in  the  lower  stratosphere  at  1 1-13.5  km,  together 
with  the  small  number  of  SST’s  flying  at 
16-17  km  anticipated  to  be  in  operation  in  the 
next  10-15  years.  As  far  as  I know,  compara- 
tively little  effort  has  been  put  into  modeling  the 
effects  of  the  subsonic  aircraft,  and  the  values 
quoted  in  the  CIAP  Report  of  Findings  are 
less  well  based  than  the  SST  results  for  17  and 
20  km.  So  far  the  continued  expansion  of  sub- 
sonic flying  has  not  had  significant  effects  on  the 
environment,  so  before  any  decisions  to  limit 
operations  are  made,  it  should  be  demonstrated 
quantitatively  (by  models)  that  although  the 
present  fleets  produce  negligible  effects  the 
increases  expected  in  subsonic  stratospheric 
flying  and  the  relatively  small  additions  of  SST’s 
would  cause  significant  environmental  effects. 
Further  numerical  work  on  the  effects  of  sub- 
sonic injections,  and  also  on  the  combined 
effects  of  subsonic  and  SST  fleets,  is  desirable, 
and  it  is  hoped  that  the  COMESA  will  be  able  to 
make  some  contribution  to  this  aspect  of  the 
problem  in  the  next  few  months. 

Fifth,  the  climatic  aspects  have  to  be  con- 
sidered against  the  background  of  natural  vari- 


ations. Average  global  temperatures  at  the  earth’s 
surface  increased  by  about  0.6°C  from  the 
1880’s  to  the  1940’s,  and  have  since  fallen  by 
about  0.3°C.  According  to  the  data  given  in  the 
Executive  Summary  (pages  xxiv-xxv),  it  appears 
that  100  Concordes/TU-144’s  would  produce 
a decrease  of  0.003°C,  so  that  even  if  several 
thousands  of  these  aircraft  were  in  operation 
their  effects  would  be  small  compared  to  changes 
due  to  other  causes.  It  is  not  known  which  of  the 
latter  are  the  most  important,  but  it  is  suspected 
that  dust  thrown  up  by  volcanoes,  rather  than 
anthropogenic  releases  of  carbon  dioxide  and 
other  substances  from  the  earth’s  surface,  is  the 
main  contributor.  It  should  also  be  mentioned 
that  effects  on  the  general  circulation  and  the 
climate  will  be  due  to  changes  in  several  con- 
stituents resulting  from  the  aircraft  emissions, 
i.e.,  water  vapor  (possibly  with  some  cloud 
effects),  ozone,  and  N02,  as  well  as  the  aerosols 
due  to  S02,  on  which  the  CIAP  results  are 
mainly  based.  When  all  the  other  constituents  are 
considered  together,  these  effects  will  cancel 
each  other  out  to  some  degree,  so  the  values 
given  in  the  Report  of  Findings  are  probably 
overestimates.  However,  the  subject  is  a very 
difficult  one,  with  many  uncertainties,  and  the 
calculations  made  so  far  by  the  COMESA  agree 
in  order  of  magnitude  with  those  of  the  CIAP. 
We  disagree,  however,  as  regards  their  inter- 
pretation, in  that  we  do  not  feel  they  are 
sufficiently  certain  — or  indeed  the  effects  suf- 
ficiently large  - to  form  a proper  base  for 
estimating  social  and  economic  effects,  par- 
ticularly changes  in  different  regions  of  the 
world,  considering  the  wide  variability  in  space 
and  time  of  the  earth’s  climate. 

In  conclusion,  an  administrator  concerned 


with  decision-making  said  to  me  that  what  was 
really  needed  was  a general  agreement  between 
scientists  on  these  questions.  I think  that  we  have 
already  reached  this  point  in  the  work  of  the 
CIAP  and  COMESA  to  the  extent  that  we  agree 
that  the  introduction  of  a small  number  of  SST’s 
would  have  an  undetectable  effect  on  the  total 
ozone  amount,  and  also  on  the  earth’s  climate. 
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the  amount  ot*  flying  that  is  admissible,  but  until 
quantitative  understanding  improves  con- 
siderably there  will  be  no  sufficiently  good 
scientific  basis  for  formulating  any  detailed 
regulation.  Meanwhile,  since  the  nature  of  the 
potential  problems  is  now  well  recognized, 
research  should  continue  and  plans  should  be 
made  for  an  internationally  acceptable  moni- 
toring program. 

RUMMEL:  1 think  CIAP  is  on  the  right  track  in 
several  respects,  specifically  with  regard  to  three 
points: 

— Recommending  the  establishment  of  an 
effective  global  atmospheric  monitoring 
system,  in  a timely  manner 

— Recommending  the  acceleration  of 
combustion  technology  toward  the 
reduction  of  potentially  harmful  emis- 
sions in  future  engines 

— Encouraging  attention  to  the  question 
of  how,  and  what  kind  of,  international 
atmospheric-pollution  regulations  can 
be  established  in  the  future  if  they  are 
needed. 

Also,  the  Report  of  Findings  contains  a 
number  of  reassuring  statements.  First,  the 
Report  indicates  that  current  technology  can 
realize  NOx  reduction  of  at  least  a factor  of  six 
while  maintaining  present  engir e-performance 
levels,  and  that  a reduction  of  a factor  of  60  may 
be  foreseen.  It  also  indicates  that  the  use  of 
low-sulfur  fuels  can  adequately  solve  particulate 
problems  arising  from  S02  engine  emissions. 
Second,  the  Report  of  Findings  states  that 
current  operations  with  subsonic  aircraft  do  not 
pose  a discernible  threat  - that  in  fact  current 
subsonic  flight  operations  could  be  increased 
fivefold  before  the  “barely  discernible  change” 
level  would  be  reached.  Also  with  respect  to 
future  wide-body  aircraft,  it  says  that  five  times 
the  number  of  747  aircraft  flying  today  could 
operate  under  the  “barely  discernible  level”  if 
NOx  were  reduced  by  a factor  of  only  two , not 
even  'he  factor  of  six  available  with  present 
technology. 

As  for  supersonic  aircraft,  the  Report  indi- 
cates that  a fleet  of  about  30  Concordes  and 
TU-144’s  would  cause  climatic  effects  much 
smaller  than  (about  20%  of)  those  considered 


minimally  detectable;  operations  with  over  100 
such  aircraft  would  be  required  to  produce 
detectable  results.  Also,  it  implies  that  even  if  the 
“upper-bound”  aircraft-fleet  size  projections 
should  be  achieved,  sufficient  time  remains  to 
develop  technologies  to  mitigate  the  potential 
problems. 

In  short,  the  CIAP  Report  of  Findings  is 
reassuring  in  that  it  claims  that  no  discernible 
problem  exists  with  current  subsonic  or  planned 
supersonic  operations,  and  that  probable  ad- 
vances in  technology  will  be  abie  to  cope  with 
any  problems  arising  from  future  increases  in 
operations. 

Now,  notwithstanding  all  this,  CIAP  urges 
that  a plan  for  “a  proper  program  for  interna- 
tional regulation  of  aircraft  emissions  and  fuel 
characteristics”  be  developed  “within  the  next 
year.”  CIAP’s  own  findings  indicate  that  this  not 
only  is  premature  but  may  never  be  needed. 
Giving  thought  at  this  time  to  the  structure  and 
content  of  possible  future  regulations  may  prove 
to  be  useful  in  the  end,  but  the  early  develop- 
ment of  a specific  plan  which  would  tend  to 
produce  over-regulation  would  be  a disservice. 

Chapter  6 of  the  Report  of  Findings , 
entitled  “Regulations  and  Controls,”  considers 
an  appropriate  base  for  the  development  of 
regulations  to  be  the  “hypothetical  worst  case” 
defined  by  English’s  upper-bound  projections. 
This  worst-case  projection  shows  1851  large 
advanced  SST’s  by  the  year  2000,  and  5561  by 
2025,  along  with  14,605  subsonic  passenger  and 
cargo  aircraft  by  2000,  and  45,126  such  aircraft 
by  2025.  Compare  this  to  no  commercial  SST’s 
and  about  4200  subsonic  jet  transports  in  opera- 
tion today.  Setting  aside  the  question  of  just  how 
unrealistic  these  high  forecasts  are,  CIAP’s  own 
findings  indicate  that  the  development  of  regula- 
tions intended  to  solve  the  hypothetical  prob- 
lems of  50  years  - or  even  35  years  - from  now 
is  not  only  premature  but  may  be  unnecessary. 
Any  regulations  that  may  be  required  should  be 
developed  as  the  need  becomes  apparent,  and 
should  reflect  real-world  growth  and  technology. 

CIAP  points  out  that  “there  are  more  than 
30  possible  causes  of  observable  changes  in  UV 
radiation  at  the  ground,”  and  that  many  factors 
besides  aircraft  pollution  in  the  stratosphere 
cause  changes  in  climate.  For  example,  mean 
surface  temperature  is  affected  not  only  by 
aircraft  exhaust  but  by  industrial  pollution, 
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which  is  largely  responsible  for  increased 
accumulation  of  dust  in  the  troposphere  and  of 
C02  in  the  atmosphere.  CIAP  also  points  out  the 
importance  of  identifying  all  the  causes  of  a 
particular  climatic  or  biologic  impact.  If  regula- 
tions become  necessary  for  the  general  welfare, 
all  significant  contributions  to  the  pollution 
should  be  held  to  the  same  standard. 

In  summary,  because  of  the  obvious  fragility 
of  projections  of  future  world  developments  and 
the  less-than-complete  scientific  understanding  of 
the  atmosphere  that  exists,  it  seems  to  me  that 
present  efforts  should  be  directed  toward 
establishing  an  effective  global  monitoring  sys- 
tem and  developing  practical  low-NOx  engines. 

FERRIS:  1 have  interpreted  the  request  that  1 
speak  this  morning  as  a desire  to  know  a little  bit 
more  of  how  ICAO  functions,  and  when,  in 
relation  to  environmental  matters.  My  job  has 
been  made  somewhat  easier  by  one  of  the  charts 
Dr.  Grobecker  showed  earlier  this  morning.  If 
you  remember,  it  showed  four  distinct  pro- 
gressive actions  in  the  regulatory  chain  of  activity 
in  the  international  area:  international  accepta- 
bility, air-quality  standards,  engine-emission 
standards,  and  international  aircraft  regulations. 

On  the  first  of  these,  international  accepta- 
bility, ICAO  action  is  triggered  once  it  is  recog- 
nized that  an  international  problem  exists  and 
that  there  is  a desire  to  solve  that  problem.  You 
see,  the  member  states  in  ICAO  recognize  that  if 
a civil-aviation  problem  exists  which  is  truly 
international  in  scope,  it  can  be  solved  satis- 
factorily only  through  international  means. 

In  the  second  area,  air-quality  standards,  it 
was  recognized  that  two  other  international 
organizations  were  involved.  The  first  of  these 
was  the  World  Health  Organization,  which  — to 
oversimplify  - deals  with  air-quality  standards  at 
lower  altitudes  and  around  airports.  The  second 
was  the  World  Meteorological  Organization, 
which  has  responsibility  for  air-quality  standards 
in  the  upper  atmosphere.  ICAO  keeps  in  close 
touch  with  these  two  organizations  to  make  sure 
that  we  do  not  get  at  cross-purposes  with  each 
other. 

In  relation  to  engine-emission  standards,  I’d 
like  to  refer  briefly  to  the  broad  environmental 
activity  that  ICAO  has  had  under  way  for  many 


years  now.  We  have  had  a program  embracing 
aircraft  noise,  sonic  boom,  aircraft  engine  emis- 
sions, and  airport  planning  aspects.  The  aircraft 
engine-emissions  work  within  ICAO  is  relevant  to 
the  CIAP  studies. 

At  present  we  are  really  in  the  middle  of  the 
first  three  stages  in  the  regulatory  chain:  We  are 
in  the  process  of  establishing  international 
acceptability;  air-quality  standards  are  currently 
being  examined  and,  presumably,  developed 
through  the  WHO  and  WMO;  and  within  ICAO 
we  have  a group  which  is  working  on  engine 
emissions.  At  this  time,  there  are  representatives 
from  France,  Japan,  the  United  Kingdom,  the 
United  States,  and  the  USSR  in  this  group.  It  has 
been  given  a four-stage  program.  The  first  stage 
was  fact-finding.  The  second  was  establishing 
agreement  on  units  of  measurement  and  methods 
of  measurement  in  relation  to  exhaust  emissions 
from  individual  engine  types.  Third,  the  group 
was  to  investigate  whether  a certification  scheme 
was  needed  to  control  engine  emissions.  And, 
finally,  it  was  to  proceed  with  the  development 
of  standards,  if  this  proved  to  be  required.  I 
understand  that  the  group  is  very  close  to 
reaching  agreement  on  units  and  methods  of 
measurement  for  engine  emissions.  Later  this 
year,  I hope  to  see  agreement  on  this  phase;  the 
group  will  then  be  prepared  to  make  recom- 
mendations as  to  requirements  for  further  study 
and  the  need  for  a certification  scheme.  Any 
such  proposal  will  next  be  submitted  for  con- 
sideration by  the  appropriate  standing  committee 
in  ICAO.  If  it  is  ultimately  decided  to  proceed 
with  the  development  of  standards,  such  stan- 
dards would  eventually  have  to  be  approved  by 
the  Council  of  ICAO,  which  is  its  governing 
body.  These  standards  would  then  be  submitted 
to  Contracting  States,  and  if  they  were  approved, 
the  States  would  then  normally  incorporate  the 
substance  of  these  standards  in  their  own 
national  regulations. 

This  process  may  seem  somewhat  cumber- 
some, but  it  can  - and  does  - produce  results 
once  it  is  apparent  that  results  are  required.  As 
an  example,  I should  mention  briefly  that  ICAO 
international  standards  do  exist,  and  have  existed 
for  some  time  now,  in  the  field  of  aircraft  noise, 
and  at  this  very  moment  are  undergoing  further 
study  and  development. 
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JOHNSTON:  During  the  past  three  years.  I’ve  followed 
all  aspects  of  the  C1AP,  except  for  the  economics 
studies.  When  a couple  of  weeks  ago  the  newspapers 
quoted  Dr.  Grobecker  as  saying  that  present  SST’s 
would  not  affect  ozone  and  “a  United  States  fleet  of 
high-flying  planes  would  not  weaken  the  ozone  shield 
either,”  I knew  something  was  off  the  track,  perhaps  a 
misquotation.  When  I received  a copy  of  the  Executive 
Summary  of  the  C1AP  Report  of  Findings,  and  studied 
it,  I developed  the  following  position. 

A technical  audience,  like  the  one  here,  can  listen 
to  a 1 1/4  hour  presentation,  such  as  the  excellent  one 
given  today  by  Dr.  Grobecker,  and  keep  it  all  straight, 
both  the  conclusions  and  the  uncertainties.  However, 
what  the  outside  world  gets  - editorial  writers  and 
newspapers,  members  of  Congress,  the  general 
public  - hinges  very  heavily  on  just  the  stated  con- 
clusions. It  seems  to  me  that  the  principal  conclusion  in 
the  Executive  Summary  represents  an  adversary  posi- 
tion - to  be  sure,  one  consistent  with  the  CIAP 
findings.  The  order  of  conclusions,  the  emphases,  the 
omissions,  suggest  to  me  an  adversary  position  in 
support  of  the  SST.  Some  questions  which  could  have 
been  simply  and  clearly  answered  were  not  answered. 
Thus  it  seemed  to  me  that  somebody  should  write  an 
adversary  set  of  conclusions,  consistent  with  the  CIAP 
findings  - that  is,  anti-SST  - for  the  sake  of  balance, 
since  the  other  was  not  neutral.  Now  I’ve  never 
considered  it  my  job  to  be  an  anti-SST  advocate,  but 
late  last  week  it  seemed  somebody  should  do  the  job  for 
this  one  time.  Thus,  1 sent  off  my  letter  to  the  New 
York  Times  and  prepared  a short,  10-page  “Report  of 
Findings”  of  my  own.  This  “Report  of  Findings”  agrees 
with  the  facts  of  CIAP,  and  furthermore  agrees  with  the 
methodology  of  the  DOT  Report  of  Findings , but  has  a 
different  set  of  conclusions  - and  that’s  all  I’ll  read. 

The  following  conclusions  are  derived  from  the 
DOT  Report  of  Findings. 

1.  The  artificial  nitrogen  oxides  from  a fleet  of 
125  Concordes  and  TU-144’s  would  reduce 
ozone  in  the  northern  hemisphere  by  0.5%, 
and  would  eventually  increase  skin-cancer 
cases  in  the  United  States  by  1%-  which 
would  be  about  5000  per  year,  or  100,000 
over  the  20-year  life  span  of  the  aircraft.  The 
375  SST’s  projected  for  EPA  for  1990  would 
result  in  threefold  greater  effects. 

2.  The  artificial  nitrogen  oxides  from  500 
Boeing  SST’s  as  described  in  1971,  but  with 
the  Concorde’s  emission  index  for  NOx, 
would  decrease  ozone  by  12%  and  increase 
U.S.  skin-cancer  cases  by  about  120,000  per 
year,  or  about  2.4  million  per  20  years. 

(These  are,  I repeat,  derived  from  the  Report  of  Find- 
ings, not  my  own  independent  calculations.) 

3.  One  future  fleet  of  SST’s  - this  is  the  big 
fleet  predicted  by  Dr.  Grobecker  in  Acta 
Astronautica  - predicted  for  the  year  2025 


would  reduce  ozone  by  substantially  more 
than  a factor  of  three.  Even  if  NOx  emissions 
are  reduced  by  more  than  a factor  of  60,  such 
a fleet  would  reduce  ozone  in  the  northern 
hemisphere  by  more  than  5%.  It  appears 
improbable  that  very  large  fleets  of  SST’s  can 
be  made  safe,  even  by  reduction  of  the  NOx 
emission  index. 

My  recommendation  is  to  read  the  whole  DOT 
Report  of  Findings,  not  just  the  statement  of  con- 
clusions or  the  headlines! 

GROBECKER:  Professor  Johnston  always  has  a chal- 
lenging thing  to  say.  While  the  statements  of  the  Report 
of  Findings  are  the  authors’  alone,  Dr.  Johnston  has 
been  a major  contributor  to  the  facts  on  which  such 
analysis,  or  his  own  analysis,  could  be  made. 

I have  prepared  a table  of  equivalences.  I don’t 
disagree  with  those  that  Professor  Johnston  has  named; 
that  is  a perfectly  satisfactory  way  of  describing  things, 
although  I don’t  choose  to  impute  unfavorable  actions 
to  others.  The  problem  is  a little  bit  like  answering  the 
question  of  whether  a cup  is  half-empty  or  half-full.  The 
answer  can  be  a matter  of  taste.  Some  of  the  equiva- 
lences I will  note  are  on  the  level  assessed  as  “barely 
detectable”  - that  is,  without  at  all  relating  those  levels 
to  standards  for  regulation.  In  the  future,  when  dis- 
cussion of  regulation  or  standards  does  take  place,  we 
would  then  all  be  referring  to  the  same  physical  effects. 

We  estimated  that  a “barely  detectable”  change  in 
world  ozone  - global  ozone,  that  is,  not  hemispheric 
ozone  - was  one-half  percent,  a change  determinable 
from  10  years  of  daily  observations.  This  one-half 
percent  would  also  be  the  result,  we  thought,  of  120 
Concordes,  flying  4.4  hours  per  day  in  the  northern 
hemisphere,  365  days  per  year,  with  present-day  emis- 
sion indices  of  18  g/kg,  at  altitudes  of  15  to  18  km  (49 
to  59  thousand  feet).  This  same  level  could  cause  a 
change  in  skin-cancer  incidence  within  the  United  States 
of  1%,  which  I took  to  be  6000  new  additional  cases  of 
skin  cancer.  An  equivalence  of  this  might  be  that  the 
skin  cancer  - which  people  may  get  anyway  later  in  life 
as  a consequence  of  their  skin  type  and  ex- 
posure - would  occur  something  like  four  months 
earlier,  after  about  30  years  of  exposure.  It  would 
indeed  be  the  equivalent  of  45  minutes  at  noon  once 
each  summer  for  30  years  at  Ocean  City,  N.J.  It  might 
be  the  equivalent  of  moving  your  permanent  residence 
from  Baltimore,  Maryland  to  Washington,  DC. 

A proper  question,  when  we  come  to  addressing 
air-quality  standards,  is  how  many  multiples  of  this 
effect  are  tolerable.  I can  think  of  people  in  different 
parts  of  the  world  who  would  justify  different  answers 
to  that  question.  That’s  why  the  next  point  of  the 
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discussion  now  beginning  is  a matter  for  the  forum  of 
the  ICAO  that  Mr.  Ferris  talked  about. 

Dr.  Murgatroyd  has  pointed  out  that  there  is 
confusion  as  to  whether  the  effect  is  hemispheric  or 
stratospheric.  With  NO  being  emitted  by  aircraft  which 
in  the  near  future  would  be  flying  principally  in  the 
northern  hemisphere,  the  “worst-case”  effect  in  the  30° 
to  60°  N latitude  band  would  be  about  twice  the  global 
average,  and  the  effect  in  the  southern  hemisphere 
would  be  a smaller  fraction,  suitable  to  balance  out  the 
global  average.  Many  of  our  early  computations  were 
made  on  an  oversimplified  global-average  basis.  If  the 
pollution  were  introduced  principally  in  one  hemi- 
sphere, the  people  of  that  hemisphere  would  feel  the 
effects  more  strongly  than  the  people  in  the  other 
hemisphere.  The  number  of  120  Concordes  that  we  have 
used  could,  if  they  all  flew  in  the  northern  hemisphere 
only,  cause  the  one-half  percent  change  in  the  30°  to 
60°N  latitude  band,  and  less  in  the  other  hemisphere.  So 
the  120  Concordes  that  we  speak  of  as  giving  rise  to 
1/2%  “worst-case”  northern-hemisphere  change  cor- 
respond to  a figure  of  about  240  Concordes,  distributed 
globally,  needed  to  produce  a 1/2%  change  in  the  global 
ozone.* 

Now,  the  equivalences  for  climatic  change  due  to 
S02  also  show  the  effect  to  be  more  remote  in  time. 
Since  many  factors  can  influence  changes  in  global 
temperature,  we  have  suggested  detection  of  changes  in 
the  optical  thickness  of  the  stratosphere  as  the  measure 
of  S02  pollution  effects.  I suspect  that  if  the  time  series 
of  observations  of  global  average  temperatures  were 
subjected  to  the  same  kind  of  analytical  treatment  that 
Pittock  gave  the  ozone  picture,  it  would  show  that  a 
long  time  is  needed  to  determine  a small  change.  We 
haven’t  done  that  analysis;  I think  it’s  appropriate  to 
do  it.  Stratospheric  optical  thickness  is  about  0.02, 
according  to  Elterman’s  numbers.  The  observations  and 
measurements  on  the  record  are  sparse.  The  optical 
thickness  of  the  total  atmosphere  is  about  ten  times  that 
of  the  stratosphere.  We  thought  a 10%  change  in  total 
stratospheric  optical  thickness,  which  varies  much  more 
than  that  from  year  to  year,  would  be  a change 
observable  in  10  years  of  daily  or  very  frequent 
observations.  A change  of  this  size  is  not  suggested  in 
this  forum  as  a standard  for  regulation  at  all;  it  is  just 
a dimension  to  which  I can  now  describe  equivalences. 

We  think  a change  of  this  magnitude  would  be 
caused  in  the  hemisphere  of  injection  by  about  2070 
Concordes  flying  4.4  hours  per  day,  365  days  per 
year,  with  emission  indices  of  I gram  of  S02  per  kilo- 
gram of  fuel  burned,  cruising  at  altitudes  of  15  to 
18  km  (49  to  59  kft).  This  represents  a decrease  in  the 
mean  global  temperature,  by  our  system  of  equiva- 
lences, of  0.07°C,  or  a decrease  in  mean  temperature  in 
the  United  States  of  about  1°C.  It  would  perhaps  reduce 
the  U.S.  rice  crop  by  2%;  the  value  of  the  world  wheat 
crop  might  drop  by  $9  million,  and  that  of  the  world 
rice  crop  by  $100  million.  It  would  be  the  equivalent  of 
one-third  of  the  world  temperature  decrease  from  1 940 


•Editors’  note:  The  details  of  this  computation  may  be 
found  in  Appendix  B of  the  CIA1’  Report  of  Findings. 


to  1950.  And  whether  or  not  we  will  have  at  some 
future  time  - say  ten  years  from  now  - the  ability  to 
detect  either  of  these  so-called  “barely  detectable"  sig- 
nals is  a challenge  to  technology.  These  numbers  are 
important  today,  in  my  view,  as  a basis  for  discussions 
of  how  much  change  would  be  acceptable  and  tolerable. 

KAUFMAN:  I hope  my  great  friendships  with  Drs. 
Grobecker  and  Cannon  will  not  suffer  from  the  blast  1 
am  about  to  deliver.  Also,  1 want  to  say  that  although 
I’m  a member  of  the  Climatic  Impact  Committee,  my 
remarks  now  have  nothing  to  do  with  that  membership. 
I have  followed  CIAP,  I think  it’s  wonderful,  and  I hope 
the  FAA  continues  it  similarly  as  the  High-Altitude 
Pollution  Program.  But  my  criticism  concerns  the  events 
of  the  last  two  weeks.  1 find  it  supremely  ironic  that  a 
program  that  looks  thirty  years  ahead  does  so  poorly  at 
looking  one  day  ahead:  from  the  day  the  Report  of 
Findings  was  released  to  the  next  day,  when  it  was 
reported  in  the  news  media.  The  impression  gained  by 
the  educated  news-follower  was  that  there  is  no  ozone 
problem.  1,  of  course,  agree  with  Hal  Johnston  that  the 
Report  did  a terrible  public-relations  job,  and  that  you 
are  suffering  the  consequences.  Though  most  people  in 
this  room  know  what  CIAP  has  accomplished,  I was 
wishing,  till  Hal  came  along,  that  someone  would  set  the 
record  straight  the  way  he  has.  I also  think  Dr. 
Grobecker ’s  remarks  about  the  45  additional  minutes  in 
the  sun,  and  moving  from  Baltimore  to  Washington,  are 
frivolous. 

To  give  you  an  idea  of  the  fallout  you  are  dealing 
with,  I will  read  you  the  editorial  that  appeared  in  the 
Pittsburgh  Press  on  January  29,  1975.  Now  you  must 
realize  that  this  is  the  major  morning  newspaper  serving 
a metropolitan  area  of  2.4  million  people.  The  editorial 
is  entitled  “FOOTNOTE  ON  THE  SST”. 

“Remember  the  supersonic  transport 
SST?  It  was  rejected  in  a deluge  of  ecological 
righteousness  nearly  four  years  ago,  partly 
because  environmentalists  persuaded  Congress 
that  a fleet  of  faster-than-sound  aircraft 
would  fatally  deplete  the  layer  of  ozone  that 
protects  Earth  from  harmful  rays  of  the  sun. 

Peel  back  the  ozone  shield,  one  anti-SST  force 
said,  and  such  radiation-induced  diseases  as 
skin  cancer  would  become  commonplace. 
Noise,  air  pollution,  and  questionable 
economics  were  also  advanced  against  the 
SST,  and  now,  much  too  late,  we  learn 
each  of  these  arguments.  But  the  ozone 
argument  was  a major  factor  in  defeating  the 
SST,  and  now  much  too  late,  we  learn 
that  the  ozone  argument  was  unscientific 
nonsense. 

“In  a carefully  documented  study  pre- 
pared for  the  U.S.  Department  of  Transporta- 
tion, DOT,  scientists  have  revealed  that  an 
SST  fleet  flying  regular  schedules  for  a period 
of  ten  years  would  deplete  the  ozone  shield  so 
little  as  to  be  almost  undiscernible.  Speci- 
fically. the  DOT  report  suggests  that  a fleet  of 
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SST’s  would  thin  the  ozone  layer  by  as  much 
as  one-half  of  one  percent,  a figure  that 
shrinks  to  realistic  proportions  when  it  is 
realized  that  natural  variations  in  the  ozone 
frequently  exceed  30  percent  on  a daily  basis. 

The  DOT  report  is  a powerful  argument  for 
using  facts  and  not  scare  slogans  when  deci- 
sions are  to  be  made.  The  phony  ozone 
argument  has  no  place  in  rational  scientific 
discourse,  and  no  place  in  the  SST  debate.  It 
is  useful  to  know  the  facts  now,  even  if 
exculpatory  evidence  that  arrives  after  the 
hanging  is  of  small  comfort  to  the  deceased.” 

The  only  technical  aspect  of  the  Report  of 
Findings  I want  to  discuss  is  its  sudden  obsession  with 
the  minimum  discernible  change  and  with  monitoring. 
Suppose  the  minimum  discernible  change  in  ozone  had 
been  20%?  Would  that  give  us  license  to  change  it  by 
that  much?  Would  improved  monitoring  enable  us  to 
mitigate  pollution  that  had  already  occurred?  The 
Report's  treatment  of  these  matters  is  totally  unrealis- 
tic. Important  as  monitoring  is,  it  cannot  replace 
prediction. 

ELLSAESSER:  I would  like  to  take  exception  to  most 
of  what  the  last  speaker  said.  First,  I believe  we  should 
inform  the  public  ir.  terms  that  enable  them  to  evaluate 
the  problem  for  themselves.  I think  we  have  neglected 
to  do  that  in  the  past.  We  should  give  them  information 
in  terms  like  “moving  from  Baltimore  to  Washington,” 
if  at  all  possible.  That  doesn't  mean  we  shouldn't  give 
other  numbers  as  well,  but  if  we  enable  the  man  in  the 
street  to  decide  for  himself  whether  the  problem  is 
important,  it’s  the  best  we  can  do. 

Second,  I don’t  think  we  can  ever  hope  to  guess 
what  the  media  will  do  to  the  statements  we  give  them; 
I therefore  think  that  our  best  course  of  action  is  to  not 
even  consider  that  aspect  when  we  do  make  a statement. 

Third,  I would  like  to  make  the  point  I had  in 
mind  before  the  last  speaker  got  up,  which  is  that  our 
analysis  of  this  particular  problem  has  been  made 
possible  to  a large  extent  by  previous  actions  that  would 
not  be  permitted  under  today’s  rules.  How  far  can  we  go 
in  prohibiting  the  causes  of  hypothesized  problems, 
on  the  basis  of  what  is  admittedly  incomplete  under- 
standing of  our  environment,  without  impeding 
progress?  In  every  technological  program  that  I am 
aware  of,  progress  can  only  go  so  far  on  the  basis  of 
theory  before  it  has  to  be  validated  by  experimentation. 
Now,  if  we  stop  doing  the  real-world  experiments  which 
tell  us  conclusively  whether  our  theory  is  or  is  not 
correct,  very  soon  we  are  going  to  reach  the  point  from 
which  we  can  no  longer  extrapolate.  I would  only  like 
to  recommend  that  we  not  preclude  the  possibility  of 
finding  out  whether,  indeed,  we  are  correct.  There  are 
many  who  argue  that  we  must  wait  until  we  know  for 
sure,  because  once  we  allow  a certain  course  of  action  to 
proceed,  it  cannot  be  halted.  I think  we  have  demon- 
strated very  clearly  in  the  last  few  years  that  this 
argument  is  not  correct.  We  discontinued  building  two 
prototype  SST’s  at  a cost  of  one  hundred  million  dollars 


more  than  it  would  have  cost  to  produce  them.  We  have 
stopped  the  building  of  power  plants  in  mid- 
construction. We  have,  essentially,  brought  to  a halt  our 
nuclear-power  industry.  There  are  any  number  of  things 
like  this  that  we  have  demonstrated  we  are  capable  of 
doing,  and  have  done  in  the  past  few  years.  So  I don’t 
think  the  argument  that  we  have  to  stop  it  before  it  gets 
started  because  we  can’t  stop  it  later  is  valid. 

GOLDBURG:  I speak  as  an  individual  who  has  had  a 
long  association  with  the  environmental  issues  related  to 
the  SST.  I hope  I won’t  lose  my  friendship  with  Fred 
Kaufman  by  echoing  what  Hugh  Ellsaesser  said;  I think 
we  can’t  be  held  responsible  for  what  the  media  do  with 
our  statements.  I had  a very  similar  experience  at  The 
Boeing  Company  with  the  CIAP  press  release.  My 
Vice-President  called  me  and  said,  “What’s  this  ozone 
problem  you’ve  been  telling  me  about  for  three  years?  It 
doesn’t  exist!”  So  1 think  we  all  share  in  that  communi- 
cation gap.  In  any  case,  I want  to  congratulate  Dr. 
Grobecker  and  his  key  project  managers  on  carrying  out 
a very  difficult  program  with  high  technical  distinction 
and  sensitivity  to  the  political  factors  involved. 

I have  two  short  comments  on  the  technical  issues. 
First,  having  watched  the  development  of  ozone- 
perturbation  theories  over  the  past  six  years,  I do  not 
believe  that  NOx  controls  ozone  perturbations  in  the 
stratosphere  according  to  the  predictions  of  the  geo- 
physical models  based  on  Professor  Johnston’s  NOx 
photochemistry.  I understand  Dr.  Cannon’s  stated  need 
for  a scientific-establishment  consensus  as  a result  of 
CIAP,  and  I understand  that  NOx  is  the  best  explana- 
tion we  have  for  ozone  observations,  but  I do  not 
believe  that  NOx-based  models  explain  the  observed 
natural  variations.  In  the  end,  1 think  the  explanation  of 
ozone  perturbations  will  have,  as  a major  component,  an 
aurora  hypothesis  first  mentioned  by  Willet  of  MIT  in 
1968.  Therefore,  1 hope  that  the  validity  of  NOx-ozone 
stratospheric  connection  will  still  be  a major  question  in 
follow-on  research. 

Second,  I also  understand  the  usefulness  of  the 
“barely  discernible”  concept  as  a criterion,  because  it 
gets  us  off  the  hook  of  how  much  a human  life  is  worth. 
However,  I feel  that  as  the  program  evolves,  we  will  have 
to  face  up  to  better  criteria,  for  the  reasons  just 
mentioned  by  the  previous  speakers,  since  the  concept 
of  a “barely  discernible  change”  is  artificial  and  depends 
upon  the  sensitivity  of  the  measuring  instrument. 

In  conclusion,  1 fee!  the  civil  air-transportation 
sector  is  perhaps  being  prematurely  burdened  by  an 
engine-development  program  for  which  there  is  not  now 
a firm  technical  requirement. 

McCLATCHEY:  Were  interactions  between  climatic 
change  and  ultraviolet  change,  via  cloudiness,  considered 
in  CIAP’s  assessment  of  biological  effects? 

GROBECKER  No,  even  though  cloudiness  is  a major 
factor  in  both  climate  and  ultraviolet  irradiation.  The 
best  available  models  are  just  beginning  to  simulate 
cloudiness. 
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PANEL  DISCUSSION 


NELSON:  I would  like  to  correct  one  misunder- 
standing: that  the  aircraft  industry  could  achieve  a 
sixfold  NOx  reduction  with  present  technology.  The 
current  EPA  regulations  for  Class  T-2  aircraft  require 
only  about  a twofold  reduction,  and  we  are  still  unable 
to  achieve  this  level  in  a practical  combustor,  despite  an 


intensive  development  effort.  A sixfold  reduction  will 
require,  unfortunately,  new  inventions  or  new  ideas 
which  we  do  not  have  today;  even  if  such  a combustor 
can  be  developed  in  a practical  aircraft  design  - and 
that  has  not  yet  been  established  - expensive  long-term 
research  and  development  efforts  will  be  required. 
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THE  COMMITTEE  ON  METEOROLOGICAL  EFFECTS  OF 
STRATOSPHERIC  AIRCRAFT  (COMESA) 


R.J.  MURGATROYD 
British  Meteorological  Office 
Bracknell,  Berkshire,  England 


ABSTRACT:  The  organization  and  aims  of  the  British  COMESA  are  outlined.  COMESA’s  in-situ  and 
laboratory  stratospheric  measurement  programs  are  briefly  described,  and  its  extensive  use  of  model- 
ing as  the  best  prediction  technique  available  at  present  is  discussed. 


The  possibility  that  a large  increase  in 
stratospheric  flights,  particularly  by  supersonic 
transports,  might  lead  to  atmospheric  changes 
which  could  significantly  affect  the  human 
environment  has  become  a matter  of  great 
concern  in  the  United  Kingdom  during  the  last 
few  years.  It  was  realized  that  a considerable 
increase  in  knowledge  and  understanding  of  the 
stratosphere  would  be  required  in  order  to 
provide  a realistic  assessment  of  the  likely  magni- 
tude of  any  changes  in  terms  of  operations  of  the 
stratospheric  aircraft  expected  to  be  flying. 
Accordingly,  the  British  Committee  on  Meteoro- 
logical Effects  of  Stratospheric  Aircraft 
(COMESA)  was  set  up  in  1972  to  direct  and 
coordinate  a program  of  research,  initially  of 
three  years’  duration,  aimed  at 

— Determining  the  natural  composition  of 
the  stratosphere  and  assessing  the 
changes  which  might  arise  from  the 
operation  of  aircraft  (supersonic  aircraft 
in  particular),  and 

— Assessing  the  meteorological  effects,  if 
any,  consequent  upon  these  changes. 

The  members  of  this  committee  are 
appointed  by  the  Director-General  of  the  British 
Meteorological  Office;  they  include  scientists 
from  the  Meteorological  Office,  other  Govern- 
ment laboratories,  and  the  Universities.  The 
present  members  are 

Dr.  R.J.  Murgatroyd  (Chairman), 

Mr.  P.  Goldsmith  (Meteorological  Office), 

Dr.  N.W.B.  Stone  (National  Physical 
Laboratory), 


Dr.  J.T.  Houghton  (Atmospheric  Physics 
Department,  University  of  Oxford)  and 

Dr.  R.P.  Wayne  (Physical  Chemistry  Depart- 
ment, University  of  Oxford), 

all  of  whom  are  personally  responsible  for 
various  aspects  of  the  work.  Mr.  P.  Graystone, 
Mr.  R.L.  Newson  and  Miss  M.K.  Hinds  (all  of  the 
Meteorological  Office)  have  been  coopted  as 
Secretary  for  different  periods.  There  are  no 
representatives  on  the  Committee  from  the 
Concorde  Division,  Dept,  of  Industry,  or  from 
the  aircraft  or  engine  manufacturers,  although 
their  experts  as  well  as  other  U.K.  scientists 
working  on  relevant  subjects  have  been  consulted 
as  necessary  and  have  readily  assisted  when 
requested.  The  Committee  will  produce  a report 
on  its  work  in  1975;  any  scientific  results 
obtained  by  groups  associated  with  this  program 
are  also  being  announced  and  published  in  the 
scientific  literature  in  the  normal  way.  It  was  of 
course  always  intended  that  there  should  be  full 
exchange  of  information  and  cooperation  with 
our  colleagues  in  other  countries  to  obtain  the 
best  possible  information  and  to  advance  knowl- 
edge by  mutual  discussions  on  the  problems  in- 
volved. I am  very  pleased  to  acknowledge  the 
ready  collaboration  and  express  our  thanks  for 
the  help  we  have  received  from  both  the  Comite 
sur  les  Consequences  des  Vols  Stratospheriques 
(COVOS)  in  France  and  the  Climatic  Impact 
Assessment  Program  (CIAP)  in  the  U.S. A. 

The  COMESA's  initial  appraisal  of  the  dif- 
ferent problems  was  very  similar  to  that  of  CIAP 
in  that  possible  reduction  of  ozone  in  the 
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attention.  Emissions  of  sulfur  dioxide  were  re- 
garded as  potentially  significant  in  studies  of 
possible  effects  on  climate,  although  at  the  same 
time  water-vapor  emissions  were  considered  to  be 
of  perhaps  comparable  importance.  In  addition, 
an  estimate  of  likely  condensation- trail  and  cloud 
formation  in  the  stratosphere  was  required.  A 
comprehensive  solution  of  these  problems  clearly 
could  not  be  achieved  within  the  allocated 
research  period,  even  by  an  organization  with 
much  larger  resources  than  those  available  to  the 
COMESA,  so  it  was  necessary  to  concentrate  on 
the  most  essential  features: 

1 . Under  the  terms  of  reference,  and  by  its 
composition,  the  studies  done  for  the 
COMESA  were  confined  to  atmospheric 
physics.  No  new  researches  were  at- 
tempted in  biological,  social,  and  eco- 
nomic fields,  although  expert  advice  was 
sought  and  literature  surveys  made  as 
required.  In  general,  although  it  was 
realized  that  advances  were  needed  in 
these  subjects  as  well  as  in  atmospheric 
physics,  they  were  considered  to  be  of 
second  priority  since  any  results  could 
not  be  used  until  acceptable  solutions  of 
the  atmospheric-physics  problem  had 
been  obtained. 

2.  The  studies  were  concentrated  on  pos- 
sible effects  of  the  operation  of  fleets  of 
subsonic  and  Concorde-like  aircraft  in 
the  stratosphere.  Further  investigations 
relating,  to  advanced  SST’s  flying  at 
higher  altitude  and  to  space  vehicles 
would  have  led  to  a wider  under- 
standing, but  could  not  be  attempted  in 
the  time  available. 

3.  As  far  as  possible,  projects  and  programs 
which  were  known  to  be  effective  and 
to  require  minimal  development  work 
before  some  results  could  be  obtained 
were  given  the  highest  priority.  This 
criterion  was  applied  to  both  the  mea- 
surement techniques  and  the  numerical 
models,  and  in  fact  it  was  found  very 
difficult  to  complete  some  projects 
which  were  entirely  new  within  the 
allocated  period. 

4.  Comparatively  little  effort  was  devoted 
to  problems  which  on  first  examination 
appeared  to  be  of  comparatively  minor 


importance.  For  example,  it  was  ac- 
cepted from  other  published  results  that 
the  emissions  were  relatively  unaffected 
by  processes  occurring  within  the  air- 
craft wake  and  also  in  mesoscale  pro- 
cesses, so  that  the  COMESA  model 
calculations  were  essentially  confined  to 
effects  due  to  the  large-scale  processes. 
It  is  hoped  that  assumptions  of  this  type 
can  be  reexamined  as  opportunities 
arise.  Even  with  these  limitations  the 
COMESA  program  is  very  substantial; 
only  a brief  outline  can  be  given  here, 
with  references  to  more  detailed  de- 
scriptions of  individual  projects. 

It  is  rather  widely  accepted  that  the  best 
approach  to  solving  the  ozone  and  climate 
problems,  or  at  least  to  obtaining  the  best 
estimates  of  possible  effects,  is  to  construct 
mathematical  models  which  will  simulate  real- 
istically the  natural  state  of  the  atmosphere,  and 
then  use  these  models  to  predict  the  changes 
resulting  from  given  perturbations.  This  approach 
has  its  weaknesses.  First,  it  accepts  current 
theory  as  correct  and  essentially  complete,  so  the 
results  it  gives  are  at  least  qualitatively  predeter- 
mined and  will  only  vary  between  authors 
according  to  the  data  and  differing  assumptions 
they  use.  Second,  although  the  representations  of 
natural  atmospheric  conditions  can  be  checked 
to  some  extent,  there  is  no  way  of  determining 
whether  any  predictions  are  likely  to  be  realistic. 
Finally,  it  has  not  yet  proved  possible  to  con- 
struct a model  that  does  not  have  serious 
deficiencies  in  either  available  measured  data  or 
simulations  of  the  basic  photochemical  and 
transport  processes.  An  experimental  program 
with  a fully  interactive  three-dimensional  model 
of  high  resolution  requires  more  extensive  com- 
puter facilities  than  are  presently  available, 
although  the  COMESA  modelers  have  made  some 
progress  with  its  basic  formulation.  Nevertheless, 
keeping  the  limitations  of  modeling  in  mind,  the 
COMESA,  like  the  CIAP,  has  devoted  a major 
portion  of  its  effort  to  modeling  experiments. 

In  order  to  obtain  as  much  external  evidence 
as  possible  of  the  likely  effects  of  aircraft  emis- 
sions, studies  have  also  been  made  of  other 
phenomena  that  may  have  affected  the  strato- 
sphere. Goldsmith  et  al.  (1973),  in  agreement 
with  other  investigators,  have  concluded  that  the 
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nuclear  tests  of  the  1950’s  and  1960’s  injected 
large  amounts  of  nitrogen  oxides  into  the  strato- 
sphere. Although  these  injections  from  the  1961 
and  1962  tests  appear  to  have  been  roughly  equal 
to  the  annual  emissions  from  several  hundred 
SST’s,  the  authors  were  not  able  to  detect 
unambiguously  any  effects  on  the  global  ozone 
amounts.  Further  work  on  this  subject  is  con- 
tinuing. In  addition,  considerations  of  the  effects 
of  volcanic  eruptions  on  surface  temperature 
have  suggested  that  climatic  effects  resulting 
from  anticipated  SST  emissions  of  particulates 
and  sulfur  dioxide  are  likely  to  be  very  small. 
The  progress  of  the  stratospheric  measurements 
and  suggestions  regarding  better  assessments  of 
the  natural  sources  of  the  stratospheric  consti- 
tuents found  in  aircraft  emissions  have  also  been 
kept  under  constant  review,  since  the  magnitude 
of  the  change  in  stratospheric  composition  is 
dependent  on  the  comparative  magnitudes  of  the 
natural  and  artificial  sources. 

COMESA’s  program  of  measuring  strato- 
spheric gaseous  constituents  has  made  extensive 
use  of  the  National  Physical  Laboratory’s  (NPL) 
submillimeter  interferometer  technique.  The  in- 
terferometer has  been  flown  both  on  the  Con- 
corde prototype  aircraft  and,  by  courtesy  of  our 
COVOS  colleagues,  on  large  balloons  launched 
from  the  facilities  of  the  Centre  National 
d’fetudes  Spatiales  in  France.  Measurements  of 
H20,  Oj,  HNOj,  N20,  and  N02  column  den- 
sities above  the  flight  level  were  made  as  con- 
venient during  tours  of  the  Concorde  aircraft  to 
the  Far  East  in  1 972  and  to  South  Africa  in  early 
1973.  Special  flights  were  made  to  the  north  of 
Scotland  in  1973  which  included  some  data  on 
profiles,  and  later  that  year  series  of  flights  were 
made  on  both  the  French  and  British  Concorde 
aircraft  over  the  Bay  of  Biscay.  The  COMESA 
measurements  on  the  French  aircraft  were  made 
during  a COVOS  flight  series  on  which  measure- 
ments were  also  carried  out  by  French  scientists 
and  by  American  scientists  from  the  Jet  Propul- 


COMESA  was  not  able  to  arrange  for  joint 
measurements  by  the  French  scientists  on  this 
occasion.  Some  of  the  results  of  the  measure- 
ment made  during  these  different  series  of  flights 
have  already  been  published  (Harries  et  al.,  1974; 
Stone  et  al.,  1975). 

In  1974  the  work  was  concentrated  on 
balloon  studies,  partly  because  these  aircraft 
were  no  longer  available  for  this  work  but  mainly 
because  it  was  decided  that  good  vertical  profiles 
to  30  km  or  more  were  the  next  objective. 
Ascents  were  made  in  France  in  autumn  1974 
and  again  in  spring  1975,  and  the  results  are  now 
being  analyzed. 

In  addition  to  the  NPL  studies,  measure- 
ments of  H20,  N02,  and  NO  are  being  made  by 
the  Atmospheric  Physics  Department  of  the 
University  of  Oxford.  Their  technique  is  based 
on  the  use  of  pressure-modulator  radiometers 
which  are  being  developed  as  part  of  the  instru- 
mentation of  the  Nimbus  G satellite.  These 
devices  were  also  used  in  1974  for  balloon 
experiments  from  the  French  launching  facilities, 
and  further  flights  in  1975  have  been  arranged. 
The  first  results  were  announced  during  a Joint 
COMESA-COVOS  Symposium  at  Oxford  in  Sep- 
tember 1974,  and  it  is  hoped  that  more  details 
will  be  published  in  the  near  future  (Chaloner  et 
al.,  1975). 

In  order  to  obtain  data  useful  for  studying 
the  likely  effects  of  aircraft  emissions  on  the 
stratospheric  heat  balance,  attempts  are  also 
being  made  in  the  Meteorological  Office  to 
construct  an  apparatus  which  will  measure  di- 
rectly from  a balloon  the  absorption  of  solar 
radiation  by  the  gases  and  aerosols  in  the 
stratosphere  (Foot,  1975).  Laboratory  trials 
demonstrated  that  a technique  using  acoustic 
detectors  could  provide  measurements  of  heating 
rates  down  to  about  0.05°C/day.  The  apparatus 
has  been  tested  on  two  balloon  flights,  but  no 
useful  results  were  obtained  on  these  occasions, 
due  to  failures  of  the  sun-seeker  used  with  this 
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sion  Laboratory  (JPL),  so  that  some  comparison 
of  results  is  possible.  The  latter  series  of  flights, 
which  used  the  British  Concorde,  also  provided 
an  opportunity  for  simultaneous  measurements 
by  the  JPL  workers  and  a Canadian  team  from 
the  University  of  Toronto;  unfortunately,  the 
planned  program  could  not  be  completed,  and 


apparatus.  It  now  appears  that  this  project  will 
not  be  completed  during  the  present  research 
period,  but  it  is  hoped  that  its  development  will 
be  continued  later. 

Laboratory  studies  of  the  basic  chemical 
kinetics  of  processes  taking  place  in  the  strato- 
sphere have  been  carried  out  in  the  Physical 
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Chemistry  Departments  of  the  Universities  of 
Oxford  and  Cambridge.  The  emphasis  has  been 
on  obtaining  new  data  on  various  reactions 
involving  NO,  NO2,  HN03,  OH,  H02,  and  NH3, 
and  also  S02,  which  are  potentially  of  great 
importance,  and  some  of  which  have  been 
comparatively  little  studied  (Chapman  et  al., 
1975;  Bemand  et  al.,  1975).  In  addition  to  these 
results,  the  COMESA  modeling  studies  have 
made  extensive  use  of  the  data  kindly  supplied 
by  the  U.S.  National  Bureau  of  Standards  with 
the  cooperation  of  the  CIAP. 

Modeling  experiments  with  various  objec- 
tives are  in  progress  within  the  COMESA 
program: 

1.  A time-dependent  one-dimensional 
model  containing  all  the  relevant  chemi- 
cal kinetics  has  been  constructed  (Tuck, 

1975) .  Further  results  will  be  presented 
by  Dr.  Tuck  at  this  conference  (Tuck. 

1976) .  Apart  from  runs  to  compare  the 
ozone  content  in  the  model  for  given 
continuous  SST  emissions  with  the  con- 
tent under  ‘natural’  conditions,  studies 
are  being  made  of  the  joint  effects  of 
subsonic  and  Concorde-like  fleets.  At- 
tempts are  also  being  made  to  simplify 
the  essential  chemical  kinetics  scheme 
for  use  in  more  complicated  models 
while  still  retaining  the  more  important 
processes.  Interactions  involving  radia- 
tive effects  (and  hence  temperature 
changes),  and  the  effects  of  different 
eddy-diffusion  coefficients,  are  also  be- 
ing investigated. 

2.  A large-scale  three-dimensional  general- 
circulation  model  of  the  troposphere 
and  stratosphere  has  also  been  devel- 
oped from  the  Meteorological  Office’s 
tropospheric  five-level  model  (Corby  et 
al.,  1972;  Gilchrist  et  al.,  1973).  It  has 
been  made  global  in  character  and  has 
proved  successful  in  simulating  many 
aspects  of  the  stratospheric  circulation, 
including  “sudden  warmings”.  A de- 
scription of  its  main  features  and  the 
type  of  results  it  produces  was  given  at 
the  Third  Conference  on  CIAP  and  also 
at  the  joint  COMESA-COVOS  Sympo- 
sium in  Oxford  (Newson,  1974,  1975). 


It  is  intended  to  form  the  basis  for  a 
fully  interactive  model,  but  so  far  it 
does  not  contain  any  photochemistry. 
In  its  earlier  version,  it  had  a radiation 
scheme  based  on  climatology  for  the 
solar  radiation  and  Newtonian  cooling 
for  the  atmospheric  radiation.  A new 
radiation  scheme  has  now  been  devel- 
oped which  is  interactive  with  the  com- 
position, and  has  allowed  preliminary 
studies  to  be  made  of  effects  on  the 
lower  atmosphere  resulting  from 
changes  in  stratospheric  composition 
(Mattingly,  1975).  The  three-dimen- 
sional model  is  also  being  used  to  study 
motions  and  dispersions  of  various  sub- 
stances which  are  treated  at  present  as 
inert  tracers  throughout  the  strato- 
sphere and  troposphere,  and  studies 
have  been  made  of  both  ozone  and 
simulated  aircraft  injections  in  this  con- 
text. Finally,  efforts  are  being  made  to 
utilize  the  data  on  fluxes  of  these  sub- 
stances within  the  model  as  a basis  for 
improved  empirical  transport  para- 
meters in  the  two-  and  one-dimensional 
models. 

3.  Satisfactory  two-dimensional  modeling 
is  in  many  ways  more  difficult  to 
accomplish  than  three-dimensional  mod- 
eling, as  it  involves  difficult  problems 
of  averaging  as  regards  both  the  photo- 
chemical and  the  transport  processes. 
For  the  climate  studies  the  interactive 
radiation  scheme,  as  well  as  some  of  the 
simulations  of  the  tropospheric  pro- 
cesses in  the  three-dimensional  model, 
have  been  adapted  for  use  in  studies  of 
the  effects  of  stratospheric  composition 
changes  on  surface  temperatures.  It  is 
possible  to  study  changes  in  quasi- 
equilibrium states  with  this  type  of 
model;  however,  there  are  of  course 
serious  disadvantages  in  using  this  ap- 
proach, since  the  representation  of 
major  features  such  as  the  large-scale 
dynamics  and  the  differences  between 
land  and  sea  surfaces  cannot  be  properly 
simulated.  Two-dimensional  modeling 
may  produce  some  representation  of  all 
the  main  atmospheric  parameters  and 
provide  predictions  of  wind  and  tern- 
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perature  as  well  as  composition  fields, 
and  studies  of  this  type  are  being  made 
in  the  Atmospheric  Physics  Department, 
University  of  Oxford.  For  the  ozone 
studies  a less  sophisticated  approach  is 
to  attempt  to  solve  simultaneously  the 
continuity  equations  for  each  consti- 
tuent, including  as  comprehensive  as 
possible  a representation  of  the  photo- 
chemistry and  assuming  that  the  trans- 
ports can  be  parameterized  in  terms  of 
known  mean  winds  and  eddy  motions. 
Experiments  in  which  the  eddy-motion 
fluxes  have  been  expressed  as  products 
of  eddy-diffusion  coefficients  and  mix- 
ing-ratio gradients  have  been  carried  out 
at  the  Meteorological  Office.  Combina- 
tions of  meridional  (Kyy),  vertical 
(Kzz),  and  slantwise  (Kyz)  eddy  coef- 
ficients have  been  chosen,  largely  empir- 
ically, to  satisfy  the  known  evolutions 
of  tracer  fields  such  as  those  of  tung- 
sten-185 and  strontium-90  injections 
from  nuclear  tests,  as  well  as  the  evolu- 
tion of  the  ozone  field  itself.  Other 
authors  have  attempted  to  derive  values 
of  these  coefficients  using  different  data 
(heat  fluxes,  radioactive  tracers,  etc.) 
but  their  work  also  contains  many 
assumptions.  Moreover,  efforts  made  by 
the  COMESA  modelers  to  extract  real- 
istic values  of  Kyy,Kzz,  and  Kyz  from 
the  outputs  of  the  three-dimensional 
model  integrations  were  not  successful, 
and  it  appeared  that  in  this  model  at 
least  the  values  required  were  different 
for  different  tracers.  Thus,  although 
some  two-dimensional  model  results 
using  these  coefficients  have  been  ob- 
tained, it  is  clear  that  further  studies  are 
required  before  such  results  can  be 
regarded  as  fully  acceptable.  The  same 
kind  of  difficulty  applies  to  the  results 
of  one-dimensional  models  which  use 
the  variable  (Kz)  for  a vertical  diffusion 
coefficient,  and  in  many  ways  it  is  still 
the  use  of  flux-gradient-transfer  theory 
and  the  choice  of  the  values  for  the 
eddy-diffusion  coefficients  which  pre- 
sent the  greatest  uncertainty  in  the 
one-  and  two-dimensional  model 
calculations. 


Another  possible  approach  (Francis,  1975) 
is  to  regard  the  net  meridional  flux  across 
latitude  circles  in  the  output  of  a three-dimen- 
sional model  integration  as  the  result  of  two 
fluxes,  one  northward  with  values  proportional 
to  the  mixing  ratios  in  the  next  grid  line  south  of 
the  latitude  considered,  and  the  other  southward 
with  values  proportional  to  those  in  the  grid  line 
to  the  north.  The  vertical  fluxes  can  be  treated  in 
a similar  manner  in  terms  of  values  above  and 
below  the  level  considered.  The  necessary  data 
can  readily  be  extracted  from  the  three-dimen- 
sional model  results  and  the  proportionality 
factors  obtained.  However,  considerable  further 
development  along  these  lines,  including  studies 
of  the  different  behavior  of  different  tracers, 
appears  to  be  necessary  before  a practical  model 
can  be  evolved. 


The  other  main  uncertainty  that  is  apparent 
in  these  models  is  the  effect  of  the  boundaries, 
particularly  the  lower  boundary.  The  behavior  of 
the  model  depends  considerably  (especially  at  its 
lower  levels)  on  the  way  the  boundary  conditions 
are  formulated  and  the  values  assessed  for  the 
tropospheric  constituents  and  natural  sources 
and  sinks.  Further  studies  are  necessary  to  clarify 
this  aspect,  including  more  measurements  of 
tropospheric  constituents. 

In  view  of  the  outstanding  problems  that 
remain  it  is  hoped  that  it  will  be  possible  to 
continue  research  arising  from  the  various  aspects 
of  the  work  now  in  hand,  and  that  in  addition  to 
the  COMESA  report  this  year  other  results  of 
general  interest  in  the  way  of  stratospheric 
studies  obtained  from  the  present  data  will  be 
published  later. 
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ABSTRACT:  This  brief  presentation  will  discuss  only  the  principal  scientific  results  obtained  during 
the  past  year  by  COVOS,  the  French  committee  on  the  effects  of  stratospheric  aviation. 


STRATOSPHERIC  MINOR  CONSTITUENTS 
Absorption  Spectrometry 

The  grille  spectrometer  previously  invented 
and  developed  by  Girard  at  ONERA*  has  been 
combined  with  a sun  tracker.  Its  high  resolution 
(limit,  0.1  cm'1)  has  permitted  accurate  measure- 
ments of  stratospheric  minor  constituents.  Figure 
1 shows,  as  an  example,  an  absorption  spectrum 
obtained  from  the  Concorde  001  prototype;  the 
doublet  of  NO  (1890.91,  1890.76  cm'1)  is 
clearly  separated.  Such  spectra  can  improve  the 
accuracy  of  NO  measurements. 

Experiments  have  been  performed  with  two 
similar  instruments: 

— Airborne  spectrometer  (ONERA):  eight 
flights  on  the  Concorde  001  in  June  and 
July  1973,  and  several  flights  on  a 
Caravelle  airliner,  three  of  which  were 
made  at  high  latitude  (65° N,  Greenland) 
in  July  1974; 

— 300,000-m^  balloon-borne  spectrometer 

(ONERA,  IASB):  two  experiments  have 
been  quite  successful  (May  14,  1973 
and  May  13,  1974). 

The  main  results  of  these  experiments  are 
summarized  in  Figures  2 through  5.  The  curves 
of  Figure  2 show  the  vertical  profile  of  NO 
deduced  from  balloon  experiments.  In  both  cases 
the  maximum  number  density  is  located  at  about 
30  km;  although  the  experiments  were  per- 
formed at  the  same  place,  season,  and  solar 
elevation,  we  can  see  two  different  NO  distribu- 
tions. It  seems  that  these  large  variations  are 
associated  with  different  meteorological  condi- 


•Appendix  A spells  out  the  acronyms  of  the  various 
laboratories. 


tions;  on  May  14,  1973  the  altitude  of  the 
tropopause  was  13  km  and  on  May  13,  1974  it 
was  9 km. 
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Figure  1. 
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Solar  spectra  recorded  from  Concorde  001 
near  1890  cm'1.  Nitric  oxide  doublet  at 
1890.76  and  1890.91  cm'1  is  identified. 
Solar  angular  elevations:  spectrum  No.  1, 
-0.60°;  2,  -0.25°;  3,  0.92°;  4,  1.30°. 
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Figure  2.  Vertical  profiles  of  nitric  oxide  deduced 
from  balloon-borne  experiments. 
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Number  density  of  NO  + NOj  versus  alti- 
tude deduced  from  non-simultaneous 
1973  and  simultaneous  1974  measure- 
ments at  45°N  and  65°N  by  IASB  and 
ONF.RA. 
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Figure  3.  Vertical  profiles  of  NOj  deduced  from 
balloon-borne  and  airborne  experiments. 


The  vertical  profile  of  N02  concentration 
shown  in  Figure  3 has  been  derived  first  from 


Concorde  flights  between  15  and  22  km,  and 
second  from  balloon  experiments  between  20 
and  35  km. 

Because  of  the  variation  in  NO  and  N02 
concentrations  with  time  of  day,  simultaneous 
measurements  of  these  species  are  required.  Such 
experiments  were  performed  from  balloons  at 
45°N  (May  13,  1974)  and  from  airplanes  at  65°N 
(July  1974).  We  note  that  the  results  of  these 
simultaneous  measurements  are  in  good  agree- 
ment with  values  deduced  from  separate  NO  and 
N02  measurements  (made  in  1973).  In  the  low 
stratosphere,  the  combined  number  density  is 
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Figure  5.  Number  density  of  HNOj  versus  altitude 
deduced  from  airborne  experiments  at 
45° N and  65°N. 


between  109  and  3 X 109  molec  cm'3  (see  Figure 
4). 

HNO3  measurements  have  been  made  from 
Concorde  in  July  1973  at  45°N  and  from 
Caravelle  at  polar  latitude.  The  results  are  given 
in  Figure  5;  the  maximum  number-density  value, 
2 X 1010  molec  cm'3,  is  located  at  20  km. 
At  this  altitude,  the  density  of  HN03  is  ten  times 
greater  than  the  NO  + N02  density.  This  pre- 
dominance of  HNO3  is  greater  than  would 
generally  be  expected  from  the  model  predic- 
tions. 

If  we  consider  the  vertical  distribution  of 
odd-nitrogen  molecules  NO,  N02,  and  HNO3 
between  20  and  35  km  (Figure  6),  the  above  data 
suggest  an  approximately  constant  volume  mix- 
ing ratio  of  (12±3)X  10'9.  Below  20  km,  this 
value  decreases  rapidly.  The  low  stratosphere 
appears  to  be  a transition  layer  between  the 
stratosphere  where  the  (NO  + N02  + HN03) 
concentration  is  relatively  high  (12  ppb)  and  the 
troposphere,  where,  due  to  the  quick  mixing 
process  and  rain-out  of  HNO3,  the  concentration 
of  (NO  + N02  + HNO3)  is  weaker.  This  is  con- 
sistent with  a rapid  elimination  of  lower- 
stratospheric  HNO3  by  transport  to  the  tropo- 
sphere. 

From  this  set  of  data  we  can  estimate  the 
global  values  for  NO,  N02,  and  HNO3  (Figure 
7).  The  global  amount  of  odd  nitrogen  between 
15  and  40  km  is  9 X 1034  molecules,  three 
times  higher  than  the  number  given  in  several 
papers  (3  X I034). 


Figure  6.  Vertical  distribution  of  odd  nitrogen 
(NO  + NOj  + HNOj)  molecules  at  mid- 
latitudes suggested  by  experimental  data. 
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Figure  7.  Estimation  of  global  NO,  NO,  and  HNOj 
in  the  natural  stratosphere,  from  COVOS 
experimental  data. 


Emission  Spectrometry 

Other  results  have  been  obtained  by  emis- 
sion spectrometry  (Marten  at  CNET).  The  wide 
spectral  range  scanned  in  the  far  infrared  allowed 
concentration  measurements  of  many  constit- 
uents. For  instance,  the  value  of  the  mean  mixing 
ratio  of  S02  between  1 5 and  30  km  is 
0.3  X 1 0'9;  this  value  is  three  times  lower  than 
Harries’  upper  limit. 

ENGINE  EFFLUENTS 

In  order  to  know  what  would  happen  to  the 
components  of  the  stratosphere  if  it  were  to 
sustain  intense  aircraft  traffic,  it  is  important  to 
carefully  measure  the  engine  effluents. 

SNECMA  and  CEPR  have  carried  out,  in  a 
wind  tunnel  and  under  stratospheric  flight  condi- 
tions, a study  of  the  effluents  of  the  Olympus 
engine,  the  engine  used  in  the  Concorde.  A strut 
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supporting  eight  sampling  probes  scans  the 
engine  jet.  A sketch  of  a probe  appears  in  Figure 
8.  The  pipe  through  which  the  sampled  gas  is 
carried  is  quickly  cooled  by  a cold-water  flow 
and  then  by  warm  (100°C)  air,  so  that  the  gas 
temperature  is  never  below  lOCT'C,  in  order  to 
avoid  the  condensation  of  water  vapor. 


Figure  8.  The  sampling  probe. 


The  results  of  this  study  are  not  yet  final. 
However,  Figure  9 displays  the  volume  mixing 
ratio  of  CO2  as  a function  of  that  of  NOx.  All 
the  experimental  points  are  well  set  between  two 
straight  lines,  the  slopes  of  which  define  the 
spread  in  pollution  index,  IE,  in  grams  of  NOx 
(under  the  form  of  NO2)  per  kg  of  fuel.  The 
computation  of  IE  is  carried  out  under  the 
assumption  that  all  the  carbon  of  the  fuel  is 
transformed  into  C02,  which  is  not  far  from 
reality.  The  index  IE  is  found  to  be  between  1 2 
and  18  g/kg. 

If  16  is  taken  as  the  value  of  this  index,  a 
fleet  of  250  Concorde  airplanes,  each  flying  2000 
hours  per  year,  would  then  produce  every  year 
about  0.2  X 1034  molecules  of  NOx,  whereas,  as 
we  have  seen,  there  exists  9 X 1034  between  15 
and  40  km,  that  is  to  say  45  times  more. 

TRANSPORT  PROCESSES 

NUrogen  oxides,  NOx,  are  emitted  by  strato- 
spheric aircraft  in  the  low  stratosphere  (for  the 
Concorde,  up  to  18  km).  As  ozone-destroying 
reactions  with  NOx  become  significant  only 
above  25  km,  it  is  obvious  that  it  is  most 
important  to  know  the  upward  vertical  transport 
processes  of  NOx . 

Below  20  km,  vertical  transport  associated 
with  tropopause  breakdowns  contributes  notably 
to  the  renewal  of  stratospheric  air  masses,  but 


clear-air-turbulence  phenomena  become  rela- 
tively more  important  with  increased  altitude, 
and  it  appears  that  above  20  km  turbulent 
diffusion  is  an  important  process  that  may 
contribute  to  the  upward  transport  of  NOx. 

Figure  10,  taken  from  the  Second  Annual 
Report  of  the  Lawrence  Livermore  Laboratory 
to  DOT-CIAP,  shows  the  very  broad  vertical 
variation  of  the  turbulent  transport  coefficient  of 
the  models  presently  used.  For  McElroy,  this 
coefficient  increases  with  altitude  above  20  km, 
while  for  Chang  the  variation  i:  the  other  way 
around. 

COVOS  decided  to  concentrate  its  effort  on 
these  vertical  transport  problems.  Three  avenues 
of  research  were  explored. 

Star  Scintillation 

It  is  known  that  the  turbulent  layers  of  a 
clear  atmosphere  are  the  cause  of  deformations 
of  the  light  waves  emitted  by  a star  and, 
consequently,  of  phase  and  intensity  fluctuations 
in  a telescope's  focal  plane.  The  method 
developed  by  Vernin  and  Roddier  at  the  Uni- 
versity of  Nice  consists  in  measuring  spatio- 
angular  correlations  between  signals  received  by 
two  photomultipliers,  at  a distance  r from  each 
other,  each  receiving  the  light  from  one  of  the 
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Figure  10.  Vertical  eddy-diffusion  profiles  used  by 
various  investigators. 

elements  of  a double  star  (Figure  II).  The  two 
lines  of  sight  meet  at  an  altitude  h = r 10  where  0 
is  the  angular  distance  between  the  two  stars.  In 
the  case  of  the  Castor  star,  where  0 = 2 arc- 
seconds,  the  value  of  h in  km  is  equal  to  that  of  r 
in  cm.  By  varying  r from  0 to  20  cm  we  vary  h 
from  0 to  20  km. 

We  measure  the  spatio-angular  autocorrela- 
tion of  the  scintillation,  as  a function  of  the 
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Figure  11. 


Schematic  drawing  of  optical  and  elec- 
tronic apparatus. 


distance  r,  parallel  (Figure  12a)  and  perpendic- 
ular (Figure  12b)  to  the  line  joining  the  two 
stars.  Theory  shows  that  the  difference  between 
these  two  correlations  as  a function  of  r (Figure 
1 2c)  passes  through  maxima  when  the  two  beams 
meet  in  a turbulent  layer.  So  these  maxima  give 
the  altitudes  h of  the  turbulent  layers,  their 
values  providing  the  turbulence  intensities  at 
these  various  heights.  For  the  exploration  repre- 
sented in  the  figure,  turbulent  layers  are  at  4,  14, 
and  18  km  altitude,  corresponding  to  4,  14,  and 
18  cm  values  for  distance  r.  Precision  of  altitude 
readings  is  on  the  order  of  1 kilometer,  due  to 
the  width  of  the  spatial  autocorrelation. 

These  measurements  allow  us  to  locate  the 
turbulent  layers  and  to  get  an  idea  of  the 
importance  of  their  turbulence. 

A nemometry 

With  the  method  of  Jean  Barat  of  CNRS,  we 
were  able  to  measure,  from  a balloon,  the 
wind-velocity  fluctuations  at  hitherto  unexplored 


altitudes.  Thanks  to  the  sensitivity  of  the 
anemometers  used  (resolving  power,  1 cm/sec; 
time  constant,  1 msec),  we  then  can  move 
directly  to  the  microscale  and  obtain  the  energy 
spectrum  of  the  various  components  in  the 
inertial  domain.  Using  classical  Kolmogoroff 
theory  we  then  determine  the  turbulence  inten- 
sity, the  energy  dissipation  rate  and  the  diffusion 
coefficients. 

Figure  13  shows  the  set-up  used:  two  groups 
of  anemometers,  separated  vertically  by  50  m, 
are  suspended  from  a balloon  150  m above  the 
higher  group.  The  correlation  between  the  two 
groups  is  thus  independent  of  the  balloon  move- 
ments, which  are  very  slow.  It  is  easy,  with  this 


set-up,  to  check  the  layered  structure  that 


characterizes  the  middle  atmosphere. 

Figure  14  gives  recorded  curves  of  velocity 
fluctuations  as  a function  of  time,  obtained  on 
October  12,  1974,  showing  both  a turbulent 
layer  at  26,800  m altitude  and  a calm  layer  at 
26,650  m altitude.  Figure  15  gives  all  the  results 
obtained  that  same  day.  This  result  is  quite 
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c.  Differences  between  parallel  and  per- 
pendicular cross-correlations,  showing 
turbulent  layers  at  4,  14,  and  18  km. 

Figure  12.  Spatioangular  cross-correlations  of  the 
double  star  Castor. 

typical.  A profile  recorded  in  December  of  the 
same  year  gives  approximately  the  same  results, 
so  that  it  seems  reasonable  to  define  a model  for 
such  altitudes. 


Tracer  Release 

A medium-  and  large-scale  study  is  useful, 
however,  to  emphasize  the  passage  of  the  energy 
of  more-or-less  organized  movements  to  move- 
ments of  lesser  dimension,  where  eventually  the 
energy  is  transformed  into  heat  by  viscous 
effects:  such  a study  was  performed  by  Veret 
and  Bouchardy  at  ONERA  using  a passive  tracer. 
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l-igure  13.  Vertical  structure  of  high-altitude  clear-air 
turbulence  (HIC AT). 
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l-igure  14.  Time  variations  of  HIC  AT,  October  12, 
1974. 

A series  of  titanium  tetrachloride  clouds  was 
released  from  balloons  in  the  low  stratosphere. 
Figure  16  shows  the  cloud  evolution  as  a 
function  of  time  at  15  km  altitude.  From  these 
observations,  we  can  deduce  some  first  results  on 
horizontal  diffusion  (Figure  17):  during  the  first 
minutes  the  cloud  expansion  is  fast,  which  is 
compatible  with  an  inertial  domain  of  turbu- 
lence; on  the  other  hand,  when  the  cloud  is  very 
large  with  respect  to  the  microturbulence  scale, 
expansion  is  very  much  slower.  During  this  latter 
period,  a fine  autocorrelation  structure  is  created 
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inside  the  cloud,  the  study  of  which,  presently 
under  way,  should  soon  lead  to  the  determina- 
tion of  the  time  scale  of  vertical  transport  by 
turbulence. 
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Figure  15.  Vertical  distribution  of  HICAT  in  the 
middle  stratosphere,  October  12,  1974. 
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Figure  16.  Photographic  sequence  of  an  artificial 
cloud’s  expansion  (ONKRA).  Altitude, 
15.2  km;  wind,  18.1  m/sec,  NW. 


Figure  17.  Horizontal  (width  L in  m)  evolution  of  an 
artificial  cloud  over  time  (time  T in  s) 
(ONKRA). 


The  stratified  structure  we  just  mentioned 
makes  it  mandatory  to  introduce  altitude- 
dependent  gradients,  and  thus  to  limit  the  use  of 
diffusion  coefficients  obtained  from  a linear 
theory  valid  for  passive  components. 


For  the  current  year,  it  is  planned  to  use  the 
above  three  methods  simultaneously.  This  experi- 
mental effort  may  open  the  way  to  a better 
knowledge  of  the  dynamic  phenomena  of  the 
stratosphere. 


MODELS  OF  THE  STRATOSPHERE 

The  help  given  by  the  Institut  d’Aeronomie 
Spatiale  of  Belgium  to  the  SNIAS  has  permitted 
us  to  improve,  under  the  sponsorship  of  COVOS, 
three  models  of  the  stratosphere,  now  in  prog- 
ress; 

a.  A stationary  two-dimensional  model 
(Brasseurand  Bertin) 

b.  A non-st  at  ionary  one-dimensional 
model  (Borghi,  Peetermans,  Maignan) 

c.  A one-dimensional  model  of  radiative 
equilibrium,  with  the  radiation  of  the 
aerosols  taken  into  account  (Bensimon). 

As  can  be  seen  in  Figure  18.  which  shows 
the  reduction  of  ozone  as  a function  of  the 
overall  emission  of  NO  at  17  km,  the  Brasseur- 
Bertin  model  gives  results  not  far  from  those  of 
the  other  stationary  models.  However,  it  should 
be  noted  that  the  more  realistic  non-stat ionary 
models  yield  a much  weaker  reduction  than  the 
above-mentioned  ones. 
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Figure  1 8.  Calculated  reduction  of  vertical  ozone 
column  in  terms  of  uniform  global  rate  of 
NO  addition  at  17  s 1 km. 
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In  any  event,  because  of  the  uncertainty  in 
the  dynamic  data,  the  models  can  yield  only 
rough  estimates. 

BIOLOGICAL  EFFECTS 

Relationships  between  the  diminished  thick- 
ness of  the  ozone  layer  and  the  biological  action 
of  the  sun’s  UV  radiation  (direct  or  diffused) 
have  been  established  by  a number  of  authors  for 
erythemal  and  carcinogenic  effects.  Lataijet  of 
the  Fondation  Curie  and  Chavaudra  of  the 
Institut  Roussy  conclude  from  their  studies  that 
a 2%  decrease  of  the  ozone  column  entails  an 
increase  in  these  effects  of  3%  ir.  the  equatorial 
zone,  4%  for  the  middle-latitudes  zone,  and  7% 
for  the  polar  zone,  with  a corresponding  increase 
in  skin  cancer  for  the  white  population.  Let  us 
not  forget  that,  in  spite  of  the  enhanced  diminu- 
tion rate  with  increasing  latitude,  the  danger  is 
more  to  be  feared  in  equatorial  regions. 

Moreover,  during  their  work  Latarjet  and 
Chavaudra  emphasized  the  importance  of  the 
biological  effects  of  UV  radiation  on  the  genetic 
material  of  prokaryotes  (unicellular  organisms 
which  generate  amino  acids),  in  particular  bac- 
teria and  algae. 

The  solar  UV  radiation  may  act  as: 

— an  abiotic  agent  which  reduces  the 
prokaryote  population, 

— a mutagen  which  can  shift  genetic  equi- 
librium towards  greater  radiation  resis- 
tance, 

— a depressor  of  the  photosynthetic  capac- 
ity. 

For  the  sun  at  zenith,  abiotic  and  mutagenic 
activity  is  comparable  to  the  erythemal  and 
carcinogenic  effect,  as  shown  in  Figure  19.  But 
this  is  not  so  at  high  zenith  angles,  where  the 
abiotic  and  mutagenic  effect  may  become  much 
more  important  (Figure  20).  Obviously  the  latter 
effect  increases  fast  with  latitude. 

AEROSOLS 

Aerosol  formation  from  sulfur  dioxide  seems 
to  us  much  less  important  than  decrease  of  the 
ozone  mass,  all  the  more  since  the  fuel  could  be 
desulfurized  if  necessary.  However,  Bricard  and 
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Figure  19.  Abiotic  and  mutagenic  (A.M.)  and  ery- 
themal and  carcinogenic  (E.C.)  effects 
versus  thickness  of  ozone  layer. 
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his  colleagues  at  the  University  of  Paris  are  now 
ready  to  use  the  condensation-nuclei  counter 
with  heated  oversaturator,  which  would  permit 
them  to  assess  the  concentration  of  nuclei  at 
stratospheric  pressures.  Stratospheric  balloons 
will  soon  be  equipped  with  such  counters. 

At  the  same  time,  the  Laboratory  of  the 
French  Atomic  Energy  Center  (CEA)  is  con- 
structing a new  nucleation  chamber  that  better 
simulates  stratospheric  conditions  (pressure, 
temperature,  irradiation,  gaseous  impurities, 
etc.  . . .)  for  as  complete  a study  as  possible  of 
aerosol  diffusion  and  of  photolytic  reactions 
entailing  condensation-nucleus  production. 

CONCLUSIONS 

CO  VOS  thinks  that,  in  the  future,  it  will  be 
important  to  monitor  the  stratosphere’s  composi- 
tion. 

This  monitoring  can  be  performed  in  two 
ways: 

— From  the  ground 

There  exists  at  present  at  Mont  Louis 
(Prof.  Amat)  a constant,  simultaneous 
watch  on  the  equivalent  thicknesses  of 
ozone  and  nitric  acid  (Figure  21); 

- From  civil  aircraft 

Instruments  for  measuring  ozone  and 
nitrogen  oxides,  and  possibly  also  aero- 
sols, are  now  being  selected  and 
developed. 


a.  Near  1043  cm'1,  13  October  1974, 
showing  ozone  absorption. 


b.  Near  870  cm'1,  22  December  1974, 
showing  HNOj  absorption  features. 

Figure  21.  High-resolution  atmospheric  infrared 
spectra  observed  from  Mont  Louis.  Z = 
1/sin  9;  9 = solar  elevation. 


APPENDIX  A 

LABORATORIES  PARTICIPATING  IN  COVOS  STUDIES 


CEPR  Centre  d’Essais  des  Propulseurs  de  Saclay 

94100  Orsay,  France 

CNET  Centre  National  d’Etudes  et  de  Telecommunications 
3,  ave.  de  la  Republique 
92190  Issy-Ies-Moulineaux,  France 

CNRS  Service  d’Aeronomie  du  Centre  National  des  Recherches  Spatiales 

Reduit  de  Verrieres 
91  370  Verrieres-le-Buisson,  France 

CEA  Commissariat  a l’Energie  Atomique.  Departement  de  Protection 

B.P.  No.  6 

92260  Fontenay-aux-Roses,  France 
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Establissement  d’Etudes  et  de  Recherches  Meteorologiques* 

73/77,  rue  de  Sevres 
92100  Boulogne,  France 

Fondation  Curie,  Section  Biologie 
Institut  du  Radium 
26,  rue  d’Ulm 
75005  Paris,  France 

1ASB  Institut  d’Aeronomie  Spatiale  de  Belgique 

3,  ave.  Circulate 
1180  Bruxelles,  Belgique 

Institut  Gustave  Roussy 

16  bis,  ave.  Paul  Vaillant-Couturier 

94800  Villejuif,  France 

Laboratoire  de  Physique  des  Aerosols 
Universite  de  Paris  VI 
7,  quai  St.  Bernard 
75005  Paris,  France 

Laboratoire  de  Physique  Moleculaire  des  Hautes  Energies** 

06539  Peymeinade,  France 

ONERA  Office  National  d’Etudes  et  de  Recherches  Aerospatiales 
29,  ave.  de  la  Division  Leclerc 
92320  Chatillon,  France 

SNECMA  Societe  Nationale  d’Etude  et  de  Construction  de  Moteurs  d’Avion 
150,  bd.  Haussman 
75008  Paris.  France 

SN1AS  Societe  Nationale  Industrielle  Aerospatiale 

37,  bd.  de  Montmorency 
75016  Paris.  France 

Station  Scientifique 
Citadelle  de  Mont  Louis 
66210  Mont  Louis,  France 

Departement  d'Astrophysique  de  PI.M.P.S. 

Parc  Valrose 

06034  Nice  Cedex,  France 

♦This  laboratory  participated  in  stratospheric  soundings  and  in  studies  of  atmospheric  circulation. 

**This  laboratory  designed,  built,  and  put  into  operation  a new  apparatus  for  measuring  the  constituents  in  a reactor  jet. 
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STRATOSPHERIC  OZONE  LAYER  RESEARCH 


B.W.  BOVILLE 

Atmospheric  Environment  Service 
Downsview,  Ontario,  Canada 


ABSTRACT:  This  paper  summarizes  the  activities  and  position  of  the  Atmospheric  Environment 
Service  (Canada)  on  the  stratospheric  ozone  problem. 


Canada  has  a long  history  of  research  in  the 
atmospheric  ozone  field.  During  the  sixties  the 
work  in  the  universities  of  Boville  et  al.  on 
analysis  and  modeling,  of  Brewer  in  ozone-layer 
measurements  and  processes,  and  of  Schiff  in 
atmospheric  chemistry,  was  complemented  by 
expanded  government  laboratory  and  network 
investigations  under  Godson  and  Mateer.  In 
addition,  fundamental  work  was  carried  out  by 
Hampson  et  al.  at  CARDE  and  by  a number  of 
upper-atmosphere  research  groups.  This  was  a 
period  of  exciting  and  innovative  work  in  de- 
fining the  structure  and  energetics  of  the  strato- 
sphere and  its  winter  warmings,  in  modeling 
these  events,  in  developing  vertical  profiles  and 
global  measurements  of  ozone,  and  in  refining 
the  Chapman  photochemistry  and  radiation 
schemes.  Out  of  these  came  a basic  under- 
standing of  the  interactions  between  atmospheric 
dynamics  and  photochemistry,  and  of  the  strong 
coupling  between  the  stratosphere  and  tropo- 
sphere. Stratospheric  research  then  appeared  to 
be  proceeding  into  a lower  level  of  long-term 
research  as  an  adjunct  to  global  3-D  modeling 
and  observational  systems  development.  The 
importance  of  the  ozone  layer  in  determining  the 
vertical  structure  of  our  atmosphere,  and  its 
essential  function  as  an  ultraviolet  shield,  were 
well  known;  however,  its  apparent  fragility  was 
not  fully  appreciated. 

In  a pure-oxygen  system  the  high-level  ozone 
amount  is  determined  by  the  solar  ultraviolet 
flux,  and  the  distribution  of  the  total  amount  of 
ozone  is  determined  by  the  rate  at  which 
atmospheric  circulation  moves  it  out  of  the 
high-level  source  region.  (The  amount  of  molecu- 
lar oxygen  is  very  large  compared  to  that  of 
ozone  and  is  not  crucial  in  the  process.)  The 
long-term  variations  in  either  solar  ultraviolet 
flux  or  atmospheric  circulation  are  not  yet 


known;  they  are  expected  to  yield  some  climato- 
logical trends  in  ozone.  Although  the  importance 
of  other  trace  constituents  in  determining  the 
precise  photochemistry  in  the  upper  atmosphere 
had  been  rapidly  becoming  clear,  the  fragility  of 
the  ozone  layer  was  fully  realized  only  with  the 
advent  of  the  supersonic-transport  controversy. 

The  scientific  community  was  brought  face 
to  face  with  the  reality  that  like  so  many  aspects 
of  our  environment,  the  ozone  layer,  a crucial 
element  to  climate  and  to  the  existence  of  all  life 
on  earth,  is  not  an  inalterable  (if  variable)  natural 
phenomenon,  but  is  susceptible  to  significant 
modification  by  both  man-caused  and  natural 
processes.  In  addition,  this  layer  is  only  a few 
tens  of  kilometers  over  our  heads  and  is  readily 
accessible  for  intensive  exploration  and  research. 

At  the  time  of  the  establishment  of  the 
United  States  Climatic  Impact  Assessment  Pro- 
gram, the  Atmospheric  Environment  Service 
already  had  a two-dimensional  atmospheric 
model  and  was  operating  a network  of  ozone 
Dobson  stations  and  ozone-sonde  stations  as  well 
as  the  World  Ozone  Data  Centre.  A number  of 
Canadian  researchers  participated  in  the  early 
work  of  the  CIAP  program,  and  close  collabora- 
tion and  interaction  has  continued.  The  AES 
then  launched  an  expanded  Canadian  modeling 
and  experimental  program  with  the  assistance  of 
an  Advisory  Committee  on  Stratospheric  Pollu- 
tion which  represented  concerned  government 
agencies  and  the  university  community. 

The  theoretical  guidance  to  this  program  has 
been  based  largely  on  the  2-D  model  of 
Vupputuri  (1975a).  This  zonally-averaged  steady- 
state  model  has  the  eddy  motions  parameterized 
by  variable  K-coefficients,  but  all  other  variables 
can  be  made  free  to  interact.  The  model  was 
expanded  in  stages  from  Chapman  photo- 
chemistry to  include  fully  interactive  NOx  and 
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HOx  schemes  based  on  the  CIAP  compilation 
and  recommendations.  Simulation  runs  have 
been  made  using  the  standard  CIAP  injection 
patterns  to  provide  ready  comparison  with  other 
model  results.  The  general  results  are  illustrated 
in  Figure  1.  The  effect  of  oxides  of  nitrogen  on 
the  ozone  layer  is  clearly  dependent  on  the 
injection  rate  and  is  very  sensitive  to  the  injec- 
tion level.  It  varies  from  a small  reduction  for 
current  low-level  aircraft  to  as  high  as  16%  for  a 
possible  future  high-level  fleet. 


SUMMER  WINTER 

LATITUDE  (DEQ) 

Figure  1.  Percentage  depletion  of  total  ozone 
column  in  the  model  atmosphere  induced 
by  anthropogenic  perturbations  of  nitro- 
gen oxides.  Curves  A and  B represent 
ozone  reduction  due  to  artificial  injections 
of  NOx  (1.8  megaton  per  year  at  45°N  in 
the  summer  hemisphere)  at  21.5  and 
18.5  km  respectively,  while  the  curves  C 
and  o denote  ozone  depletion  for  a 
0.35  Mt/yr  injection  rate  at  18.5  and 
15.8  km. 


More  recently,  the  Freon  threat  entered  the 
ozone  scene,  and  Vupputuri  has  added  a chlo- 
rine photochemistry  scheme  to  the  model 
(Vupputuri,  1975b).  Using  currently  recom- 
mended reaction  rates  and  a tropospheric  source 
based  on  1972  industrial  production  rates,  the 
model  suggests  that  the  accelerating  use  of 
chlorofluorocarbons  poses  a greater  long-term 
threat  to  the  ozone  layer  than  other  anthro- 
pogenic activities  (see  Figure  2). 

Although  the  models  have  gone  through 
much  development  in  the  last  decade,  they  are 
subject  to  many  approximations  and  assump- 
tions, and  must  be  validated  by  and  amended 
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Figure  2.  Percentage  depletion  of  the  total  ozone 
column  in  the  model  atmosphere  induced 
by  anthropogenic  sources  of  Freons  which 
correspond  to  1972-73  production  levels 
(0.5  and  0.3  Mt/yr  for  Freon-12  and  -11 
respectively).  The  solid  curve  (top)  repre- 
sents the  ozone  reduction  based  on 
original  rate  constants  (Garvin  and 
Hampson,  1974)  for  the  chlorine  chem- 
istry, while  the  dashed  curve  (bottom) 
denotes  the  revised  values  of  Watson  et  al. 
(1976).  The  dash-dot  curve  (middle)  repre- 
sents the  effect  of  HCI  dissociation  with 
revised  rate  constants. 

with  detailed  measurements  in  the  atmosphere 
and  the  laboratory.  A classic  example  was  the 
apparent  discrepancy  between  the  N02  measure- 
ments by  Brewer  and  the  NO  measurements  by 
Schiff.  Further  Jetstar  and  Concorde  flights  by 
Brewer  and  Kerr  and  balloon  flights  by  Schiff 
and  Ridley  did  not  resolve  whether  the  problem 
arose  from  instrumental  or  atmospheric  vari- 
ability. The  most  efficient  way  to  resolve  many 
of  these  problems  appeared  <o  be  by  a series  of 
direct  simultaneous  measurements  of  all  factors 
in  the  ozone  balance  at  stratospheric  levels.  In 
early  1973,  the  AES  began  plans  for  a series  of 
such  experiments  in  conjunction  with  the 
Skyhook  balloon  flights  out  of  Churchill, 
Manitoba.  Under  the  leadership  of  Evans,  the 
program  was  successfully  planned  and  launched 
in  the  summer  of  1974.  The  two  flights,  carrying 
ten  AES  and  university  experiments,  each  flew 
for  about  20  hours  in  the  25-30  km  layer, 
achieving  sunset  and  sunrise  measurements. 
Results  of  the  flights  are  still  being  analyzed.  In 
summer  1975,  it  is  planned  to  fly  two  NOx 
flights  and  add  two  more  flights  with  a payload 
modified  to  include  new  chlorine  experiments.  A 
proper  analysis  of  these  will  not  be  available  until 
early  1976. 
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Although  the  SST  problem  may  have  been 
temporarily  allayed  (by  the  economic  climate 
rather  than  scientific  resolution),  it  is  now  clear 
that  the  full  complexity  of  the  stratospheric 
problem  cannot  be  fully  resolved  by  a three-year 
crash  program'—  the  time  required  has  been 
extended  to  five  or  six  years  by  the  chlorine 
complication,  and  must  be  translated  into  a 
long-term  international  cooperative  program. 


4.  The  whole  spectrum  of  threats  to  the 
ozone  layer  constitutes  a serious  global 
problem,  with  many  unknowns  in 
chemistry,  photochemistry,  atmospheric 
measurements,  and  atmospheric  trans- 
ports. Continuing  active  research  pro- 
grams and  an  international  monitoring 
program  are  required. 


Even  though  the  model  results  still  require 
considerable  verification  and  the  atmospheric 
measurements  are  still  quite  unsatisfactory,  it  is 
felt  that  the  following  preliminary  findings  and 
recommendations  can  be  made  at  this  time. 

1 . A large  fleet  of  SST’s  flying  at  21  km  or 
higher  is  predicted  to  have  a noticeable 
effect  on  the  ozone  layer,  and  per- 
missible total  aircraft  emission  levels 
may  have  to  be  defined  within  a decade. 

2.  Currently  planned  SST’s,  due  to  their 
lower  altitude  of  17  km  and  their  small 
numbers,  are  not  predicted  to  have  an 
effect  which  could  be  distinguished 
from  natural  variations. 

3.  The  predicted  threat  from  halocarbons 
is  now  considered  more  serious  (though 
unsubstantiated  by  direct  measurement) 
than  that  of  the  SST’s,  and  requires  a 
shift  in  research  emphasis  to  resolve  the 
chlorine  role  in  the  ozone  balance. 
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ABSTRACT:  CIAP-type  research  activities  in  Japan’s  scientific  and  industrial  communities  are 
reviewed. 


CIAP-type  research  in  the  stratosphere  is  of 
increasing  interest  for  Japanese  scientific  and 
industrial  communities.  Ongoing  research  activ- 
ities can  be  found  in  the  universities  and  also 
some  federal  agencies. 

Routine  monitoring  of  stratospheric  param- 
eters using  ground-based  equipment,  together 
with  measurements  using  meteorological  rockets 
and  balloon-borne  sondes,  have  been  carried  out 
under  the  direction  of  the  Japan  Meteorological 
Agency  (JMA).  Basic  experimental  research  using 
larger  space  vehicles  is  being  conducted  under  the 
auspices  of  the  Institute  of  Space  and' Aero- 
nautical Science,  University  of  Tokyo  (ISAS). 
Table  I summarizes  the  aerological  networks  and 
monitoring  programs  in  several  branches  of 
stratospheric  research  in  Japan. 

ATMOSPHERIC  OZONE 

Ozone  in  the  stratosphere  and  mesosphere 
has  been  an  object  of  study  since  1965,  using 
balloons,  rockets,  and  a satellite  launched  by 
University  of  Tokyo.  Atmospheric  ozone  has 
been  measured  by  three  different  techniques:  (1) 
the  in-situ  method  using  an  electrochemical  (KI 
solution)  sonde,  (2)  the  attenuation  of  solar  uv 
radiation  through  the  atmosphere,  and  (3)  the 
ozone-absorption  effect  on  the  atmospheric  uv 
scattering  of  the  solar  radiation.  The  first  method 
is  usually  applicable  to  the  region  of  the  atmo- 
sphere below  about  30  km.  The  optical  methods 
have  been  attempted  on  a number  of  occasions 
on  board  large  balloons,  sounding  rockets,  and  a 
satellite.  They  are  particularly  useful  to  measure 
the  ozone  overburden  (or  the  column  density) 
above  (or  below)  the  observer.  Standardized 
comparison  of  stratospheric  ozone  measurements 


Table  1.  Stratosphere  Observation  Network  in  Japan 


Pressure,  Temperature,  and  Wind 


Sonde 

18  stations 

(JMA) 

Rocket 

Ryori 

(JMA) 

Ozone 

Ground 

(Dobson  spectrometer) 
Sapporo 

Tateno 

Kagoshima 

Okinawa 

(JMA) 

Sonde 

Sapporo 

(JMA) 

(with  H20 

Tateno 

(JMA) 

content) 

Kagoshima 

(JMA) 

Large  Balloon 

Sanriku 

(ISAS) 

Rocket 

Ryori 

(ISAS) 

Uchinoura 

(ISAS) 

Satellite 

(UV  scattering) 

(ISAS) 

1975- 

1975- 

Radiation 

Sonde 

Sapporo 

(JMA) 

Tateno 

(JMA) 

Kagoshima 

(JMA) 

Satellite 

Feb.  1975- 

(ISAS) 

CTaiyo”) 

obtained  with  these  techniques  was  made  pos- 
sible by  carrying  out  simultaneous  experiments 
with  the  three  techniques  aboard  a large  balloon. 
Figure  1 illustrates  a standard  ozone-density 
profile  (solid  curve)  in  mid-latitude  (31°N)  in 
daytime,  which  was  synthesized  from  the  results 
of  various  rocket  and  balloon  experiments 
conducted  by  GRL  (Tohmatsu  et  al„  1974; 
Tohmatsu  and  Watanabe,  1976),  and  compares 
it  with  some  theoretical  profiles  (Shimazaki  and 
Ogawa,  1974,  1975)  and  ; night-time  profile 
after  Stair  et  al.  (1975). 


58 





TOHMATSU 


Figure  1.  A standardized  ozone-density  distribution 
in  the  vertical  in  mid-latitudes  in  daytime 
(see  text). 


In  the  uv-scattering  experiment,  the  optimi- 
zation of  the  measuring  wavelength  is  something 
to  be  considered  carefully.  Figure  2 is  a compari- 
son of  the  time  variation  of  local  ozone  concen- 
tration determined  by  the  KI  sonde  (top)  with 
the  overburden  values  determined  in  three  wave- 
length bands  centered  around  290  nm,  320  nm, 
and  330  nm.  The  observation  was  carried  out  at 
an  altitude  of  27  km.  The  overburden  values 
deduced  for  the  320  nm  and  330  nm  bands  are  in 
reasonable  accord  with  the  local  concentration, 
giving  an  effective  scale  height  of  ozone  of  4 to 
5 km  at  27  km  altitude.  The  overburden  deduced 
for  the  290  nm  band  is  too  small,  however,  indi- 
cating a possible  contamination  effect  in  the 
wing  of  the  transmission  band. 

Atmospheric  ozone  has  long  been  thought  to 
be  a good  large-scale  tracer  of  atmospheric 
motions.  The  flow  of  ozone  associated  with  the 
dynamics  of  the  jet  westerlies  is  one  of  the 
transport  modes  to  be  considered.  Figure  3 
schematically  illustrates  a mode  of  the  transport 
in  the  vicinity  of  the  jet  streams.  Observations 
made  with  large  balloons  are  particularly  suited 
for  studying  this  kind  of  local  transport  effect. 
Figure  4 is  an  example  of  the  vertical  distribution 
of  ozone  density  obtained  on  May  30,  1974  at 
Sanriku  Balloon  Center.  The  two  profiles  in 
Figure  4 were  obtained  at  two  different  locations 
separated  by  about  200  km  along  the  trajectory 
of  the  balloon.  When  they  are  examined  with  the 
aid  of  the  simultaneously  measured  cross-section 
of  winds,  shown  in  Figure  5,  we  can  observe  an 
abrupt  change  in  the  ozone-transport  behavior 
across  the  tropop ause.  The  ozone  concentration 
is  strikingly  homogeneous  below  14  km,  but  in 


JST 


Figure  2.  The  local  ozone  density  measureo  by  Kl 
sonde  (top)  compared  with  the  over- 
burdens deduced  from  the  uv  scattering 
data  at  three  wavelengths.  The  balloon’s 
altitude  was  27  km  (May  30,  1974, 
Sanriku). 

the  stratosphere  we  can  recognize  distinct  space 
and  time  changes  in  the  same  quantity.  Further- 
more, we  notice  a small  dip  in  ozone  density 
which  was  persistent  at  21  km;  it  is  related  to  the 
wind  shear  formed  between  the  jet  westerlies  and 
their  easterly  counterflow  above  20  km. 


Figure  3.  A model  of  stratospheric  air  transport 
through  the  tropopause  breaks  associated 
with  the  jet  streams  (courtesy  of  Dr.  H. 
Kida,  Meteorological  Research  Institute). 
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Figure  4.  Ozone  vertical  profiles  obtained  in  two 
different  portions  of  a balloon  trajectory 
(see  text). 

The  present  result  is  indicative  of  a number 
of  interesting  transport  mechanisms  near  the  jet 
stream.  More  detailed  study  of  the  transport 
effect  is  planned  in  1975.  That  experiment  will 
have  several  droppable  sondes  aboard  a large 
balloon.  They  will  be  released  one  by  one  at  an 
appropriate  time  and  distance  separation  to  cover 
a three-dimensional  structure  of  ozone  distribu- 
tion in  the  stratosphere. 

OTHER  STRATOSPHERIC  MEASUREMENTS 

A balloon-borne  mass  analyzer  which  is 
usable  in  stratospheric  measurements  up  to  alti- 
tudes with  pressures  lower  than  10  torr  has  been 
developed  by  Prof.  Tomizo  Itoh  of  ISAS.  The 
analyzer  is  a magnetic-deflection  type  equipped 
with  an  ion-pump  evacuating  system.  To  avoid 
contan  lation  by  degassing  from  the  experimen- 
tal pac  ige,  and  also  to  protect  the  electronic 
circuits  .iom  electrical  discnarge  in  high-voltage 
devices,  the  whole  measuring  system  is  pres- 
surized and  isolated  in  a metallic  container. 


Figure  5.  The  latitudinal  cross-section  of  the  east- 
west  wind,  before  and  after  the  ozone  pro- 
files in  Figure  4 were  obtained  (courtesy 
of  Japanese  Meteorological  Agency). 

Preliminary  experiments  in  1974  and  1975 
indicated  that  the  analyzer  can  successfully  be 
used  to  detect  some  important  minor  con- 
stituents of  the  stratosphere. 

Measurements  of  aerosol  and  ion  mobilities 
in  the  stratosphere  have  been  carried  out  by 
Profs.  Haruji  Ishikawa  and  Masumi  Takagi  of  the 
Research  Institute  of  Atmospherics  of  Nagoya 
University.  Prof.  Ishikawa  reviews  these  topics  in 
his  paper  in  this  volume. 

INTERNATIONAL  PROGRAMS 

Following  are  some  of  the  internationally 
coordinated  programs  related  to  the  CIAP  inves- 
tigations that  have  been  conducted  under  the 
auspices  of  the  U.S.  National  Science  Foundation 
and  the  Japan  Society  for  Promotion  of  Science. 
A coordinated  experiment  on  NO  and  03  dis- 
tributions was  carried  out  bv  Utah  State  Uni- 
versity, York  University,  the  National  Oceano- 
graphic and  Atmospheric  Administration,  and 
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the  University  of  Tokyo  on  November  13,  1973 
at  Alamogordo,  New  Mexico  (Ridley  et  al., 
1975).  Nagoya  University  cooperated  with 
Wyoming  University  and  the  University  of 
Tubingen  in  the  aerosol  and  ion  mobility 
experiments  at  Sanriku  (Japan),  Laramie  (USA) 
and  Weisenau  (West  Germany).  Tohoku  Uni- 
versity and  the  National  Center  for  Atmospheric 
Research  plan  a cooperative  experiment  on  atmo- 
spheric radiation  in  Hawaii. 

The  stratospheric  effect  of  man-made  fluoro- 
carbons is  of  great  concern  to  some  related 
industries  in  Japan.  The  Freon  Gas  Association 
of  Japan,  which  is  a non-profit  organization 
established  by  these  industries,  is  participating  in 
the  program  of  the  Technical  Panel  on  Fluoro- 
carbon Research  of  Manufacturing  Chemists 
Association,  USA,  promoting  basic  research  in 
chemical  and  physical  properties  of  fluoro- 
carbons and  their  related  compounds  in  the 
stratosphere. 
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ABSTRACT:  Experiments  were  conducted  in  three  controlled  environments  (growth  chambers, 
greenhouses,  and  a solarium)  to  determine  the  response  of  whole  plants  to  various  elevated  levels  of 
UV-B  radiation.  The  maximum  simulated  UV-B  regime  approximated  that  of  a 50 % depletion  of  the 
ozone  layer  (based  on  a global  average  ozone  column  of  0.32  atm-cm).  This  paper  describes  the 
experiments  and  compares  their  results. 


To  provide  a data  base  for  the  assessment  of 
biological  response  to  increased  UV-B  irradiation 
in  the  biosphere,  organisms  have  to  be  exposed, 
and  observed,  under  simulated  conditions  that 
approximate  as  nearly  as  possible  the  expected 
situation  in  the  event  of  reduced  ozone.  The 
biological  responses  of  different  organisms  to  UV 
radiation  depend  on  their  stage  of  growth  and 
development,  and  other  environmental  factors 
(Bartholic  et  al.,  1974;  Caldwell,  1971;  Caldwell 
et  al.,  1974).  This  report  presents  the  results  of 
stratified  experiments  (i.e.,  with  partially  con- 
trolled environmental  conditions)  conducted  to 
evaluate  response  to  UV  radiation.  A list  of 
plants  tested  for  relative  sensitivity  or  resistance 
to  UV-B  radiation  in  growth  chambers,  green- 
houses, and  a solarium  can  be  seen  in  Table  1. 

MATERIALS  AND  METHODS 
Plant  Materials 

Plants  having  economic  importance  were 
selected  for  testing.  They  were  prepared  for 
growth-chamber,  greenhouse,  and  solarium  tests 
in  a manner  consistent  with  cultural  practices  - 
for  example,  Zea  mays  by  germinating  the  seeds, 
and  cabbage  by  transplanting  young  seedlings. 

The  seeds  for  most  of  the  plants  tested  were 
planted  in  vermiculite  in  a medium-sized  plastic 
pot.  Prior  to  seed  emergence,  the  pots  were 
transferred  to  two  environmentally-controlled 
growth  chambers  and  plants  were  allowed  to 
grow  under  two  different  light  regimes  at  a 
temperature  controlled  at  25  ± 2°C.  During  the 
growth  period,  the  plants  were  watered  daily, 


and  fertilized  weekly  with  Hoagland’s  nutrient 
solution.  The  plants  were  placed  20  to  30  cm 
from  the  radiation  source;  they  usually  were  left 
there  without  interruption  for  the  duration  of 
the  exposure.  The  plants  were  observed  routinely 
for  possible  differences  resulting  from  the 
treatments. 

Growth-Chamber  Test  Conditions 

Light  conditions  in  the  two  growth  cham- 
bers were  identical  except  for  the  supplemental 
UV  radiation.  Radiation  with  a daytime  intensity 
of  310  to  360  microeinsteins  nr1  sec'2,  400-700 
nm,  was  supplied  by  fluorescent  and  incandes- 
cent lamps  for  16  hours  daily.  The  visible  portion 
of  the  spectrum  was  supplied  by  a bank  of  cool- 
white  fluorescent  and  incandescent  lamps.  For 
UV-B  and  UV-A  radiation  enhancement,  four 
Westinghouse  FS40  sunlamps  were  used  in  each 
chamber.  The  lamps  were  mounted  inside  the 
chamber  above  the  plants  but  below  the  Mylar 
barrier  (which  was  5 mils,  or  0.13  mm,  thick) 
between  the  main  light  bank  and  the  chamber. 
The  emission  from  the  FS40  sunlamps  was 
filtered  through  5-mil  Mylar  in  one  chamber  and 
5-mil  cellulose  acetate  in  the  other.  The  former 
permits  UV-A  enrichment  only  and  serves  as  a 
control.  With  the  cellulose  acetate  filter,  the 
UV-B  radiation  was  controlled  to  correspond  to  a 
0. 18-atm  cm  ozone  column  at  a solar  altitude  of 
45°;  plants  were  exposed  to  six  hours  of  UV 
radiation  enrichment  in  the  mid-portion  of  each 
day.  Irradiance  for  UV-B  radiation  enhancement 
was  calculated  from  irradiance  detected  at  the 
plant-apex  level  by  a UV  spectroradiometer 
(Bartholic  et  al.,  1974). 


Table  1.  Plants  Screened  for  Response  to  UV-B  Radiation  Under  Growth-Chamber,  Greenhouse,  and  Solarium  Conditions. 
Sensitivity  Ratings  Are  Given  in  Terms  of  Both  Plant  Height  and  Biomass  Accumulation 
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Greenhouse  Test  Conditions 

The  greenhouse,  constructed  of  Lascolite 
(fiber  glass),  covered  400  square  meters.  It  was 
equipped  with  an  evaporative  cooling  system  and 
natural-gas  heaters  to  regulate  temperature 
within  the  range  of  20°C  to  30°C.  Light  condi- 
tions were  those  of  sunlight  filtered  through  the 
Lascolite  with  the  day  length  extended  to  16 
hours  by  incandescent  lamps  (2  watts/m2  at 
plant  height).  To  enhance  radiation  in  the 
280-320  nm  region,  light  fixtures  containing 
three  Westinghouse  FS40  sunlamps  were  sus- 
pended above  the  plants  (Figure  1).  Radiation 
was  filtered  through  either  5-mil  UV-B  radiation- 
absorbing Mylar  S (control)  or  5-mil  UV-B 
radiation-transmitting  cellulose  acetate  (UV-B 
radiation-enhanced).  Distance  between  lamps  and 
plants  was  adjusted  to  correspond  to  a 0.1 8- 
atm-cm  ozone  column  at  a solar  altitude  of  55°. 
The  irradiance  was  measured  at  plant-apex  level 
with  a UV  spectroradiometer  (Gamma  Scientific, 
Inc.)  and  irradiance  levels  calculated.  Plants 
received  UV-B  radiation  enhancement  for  six 
hours  daily  (1000  to  1600  hours  solar  time). 
Measurements  were  made  of  rate  of  growth,  fresh 
and  dry  weights,  and  other  parameters  germane 
to  the  type  of  crop. 


Figure  1 . Physical  system  for  supplemental  UV-B  ir- 
radiation of  plants  under  growth-chamber, 
greenhouse,  and  solarium  conditions. 


Solarium  Test  Conditions 

The  solarium  was  a greenhouse  whose  top 
had  been  removed  to  allow  entry  of  full  solar 
radiation.  There  were  three  ground-level  pits  to 
house  lysometric  pots.  FS40  sunlamps  were 
mounted  over  test  plants,  oriented  in  a north- 
south  direction  to  minimize  shading.  Cellulose- 
acetate-filtered  (+UV-B)  and  Mylar-filtered  (con- 
trol) sunlamps,  as  described  above,  were  used  to 


enhance  UV-B  radiation  (Figure  1)  in  an  other- 
wise natural  day.  All  plants  grown  in  the 
solarium  were  seeded  in  special  lysometric  pots 
directly  under  the  lamps  so  that  radiation  was 
present  right  from  the  moment  of  seeding.  The 
soil  mix  was  constituted  of  equal  parts  of 
vermiculite,  Canadian  peat,  and  water-washed 
gravel  to  which  were  added  minerals  adjusted  for 
the  proper  nutrient  level  and  pH  for  each  crop. 
UV-B  irradiance  was  enhanced  from  900  to  1600 
hours  solar  time.  The  UV-B  irradiation  regime 
was  designed  to  simulate  an  0.11-atm-cm  ozone 
reduction  from  a base  level  of  0.30  atm-cm  at  a 
solar  altitude  of  55°.  The  plant  characteristics 
measured  were  biomass  accumulation,  height 
where  appropriate,  and  other  para  mete  i that 
were  considered  indicators  of  an  adverse  effect 
on  production. 

RESULTS  AND  DISCUSS,  V 

The  effects  of  UV-B  radiatioi  >wth 

and  development  of  different  plan  - . re 
tested  under  growth-chamber,  gi  e,  and 

solarium  conditions. 

Dry  Matter  Accumulation 

Many  observations  indicate  that  dry-matter 
accumulation  is  one  of  the  better  parameters  for 
evaluation  of  plant  response  to  UV-B  radiation. 
It  is  an  integrator  that  reflects  a sum  of  responses 
through  time.  Table  1 is  a rating  of  the  sensitivity 
of  plants  tested  under  growth-chamber,  green- 
house, and  solarium  conditions.  The  numerical 
data  for  each  plant  tested  have  been  reported 
elsewhere  (CIAP,  1975).  Of  the  23  varieties  and 
species  tested  under  growth-chamber  conditions, 
13  had  biomass  that  was  less  than  that  of  the 
controls.  In  the  greenhouse,  4 of  17,  and  in  the 
solarium,  4 of  10  species  had  dry-weight  accumu- 
lations less  than  that  of  the  controls.  Two  of 
these  plants  could  have  had  lower  dry-matter 
accumulation  because  of  a heavy  infestation  of 
insects. 

Plant  Height 

Another  parameter  closely  allied  to  biomass 
changes  was  the  effect  of  UV-B  radiation  on 
plant  height.  As  shown  in  Table  1,  significant 
effects  were  seen  on  15  of  23  plants  tested  under 
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growth-chamber  conditions,  1 of  16  under  green- 
house conditions,  and  3 of  7 under  solarium 
conditions.  Changes  in  plant  height  have  been 
noted  by  others  (CIAP,  1975);  they  may  be 
related  to  UV-B-caused  inhibition  of  intemode 
elongation. 

Seed  Germination  and  Seedling  Growth 

UV-B  radiation  seemed  to  have  no  marked 
effect  on  seed  germination  of  the  species  tested. 
This  may  be  due  mainly  to  the  inability  of  UV-B 
radiation  to  penetrate  the  soil  or  the  seed  coats 
(Shull  and  Lemon,  1931).  However,  UV-B  radi- 
ation had  a marked  effect  on  subsequent  seedling 
growth.  The  rate  of  seedling  emergence  was 
delayed  one  or  two  days  by  UV-B  radiation  in 
almost  all  the  varieties  tested  in  the  growth- 
chamber  and  greenhouse  conditions.  The  coty- 
ledons of  seeds  of  some  plants  such  as  cow  peas 
and  harvester  beans,  for  unknown  reasons, 
seemed  to  have  difficulty  in  shedding  the  rema- 
nent seed  coats,  but  after  they  emerged,  they 
were  not  seen  to  be  seriously  injured.  Except 
for  plants  in  the  growth  chambers,  there  were 
no  marked  abnormal  effects  such  as  distorted 
leaves,  leaf  bronzing,  or  chlorosis.  The  main 
effect  seemed  to  be  one  of  slowing  the  rate  of 
seedling  growth,  and  dwarfism.  Once  beyond  the 
seedling  stage,  the  plants  were  seemingly  more 
resistant  to  UV-B  radiation. 

Plant  Survival 

Survival  rates  for  the  29  species  were  not 
significantly  different  for  plants  receiving  the 
UV-B  radiation  enhancement  and  the  control 
plants,  except  in  the  case  of  ‘Little  Marvel’  and 
‘Early  Perfection’  peas  under  the  lower  visible- 
light  intensities  of  the  growth  chambers. 

Flowering  and  Other  Parameters 

Flowering  was  delayed  one  or  two  days  in 
plants  grown  under  UV-B  radiation.  This  may  be 
due  to  the  general  effect  of  UV-B  on  plant 
growth.  However,  the  flowers  on  the  UV-B- 
radiation-treated  plants  were  fewer  in  number, 
and  smaller  in  size.  The  beans  and  peas  were 


significantly  enough  affected  that  yield  could 
be  reduced. 

SUMMARY 

These  short-term  growth-chamber,  green- 
house, and  solarium  experiments  are  indicative  of 
the  potential  of  enhanced  UV  irradiance  to 
significantly  suppress  the  growth  of  higher  plant 
species.  Yet  these  experiments  must  be  con- 
sidered as  preliminary,  and  extrapolations  to 
crop  productivity  are  clearly  inappropriate. 
These  experiments  by  necessity  were  confined  to 
small  numbers  of  plants.  This,  combined  with  the 
inherent  variability  of  these  plant  populations, 
has  limited  the  resolution  with  which  UV-B 
radiation  sensitivity  of  whole  plants  can  be 
ascertained.  Whether  or  not  plant  growth  of 
sensitive  species  would  be  reduced  under  UV-B 
irradiation  enhancement,  as  would  occur  with  a 
lesser  degree  of  simulated  ozone  depletion, 
remains  an  open  question. 
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ABSTRACT:  The  various  models  attempting  to  relate  decrease  in  atmospheric  ozone  to  a possible 
increase  in  skin  cancer  result  in  the  following  "amplification  factors”: 

• Increase  in  UVB  due  to  reduction  in  ozone  concentration  in  the  stratosphere: 

Optical  “amplification”  factor:  2x  (range  1.4  to  2.5) 

• Increase  in  skin-cancer  incidence  due  to  increase  in  UVB  radiation  at  ground  level: 

Biological  "amplification”  factor:  lx  (range  0.5  to  2) 

• Increase  in  skin-cancer  incidence  due  to  reduction  in  ozone  concentration  in  the 
.stratosphere: 

Total  “amplification”  factor:  2x  (range  0.7  to  5.0) 

If  the  skin-cancer  incidence  figures  of  Scotto  et  al.  (1974)  are  used  as  a baseline,  with  a 2x 
“amplification”  factor,  a 5%  reduction  in  ozone  concentration  could  result  in  an  increase  of  37  cases 
of  skin  cancer  per  100,000  population  a year  at  the  latitude  of  Dallas/Fort  Worth,  Texas,  and  an 
increase  of  12.4  cases  of  skin  cancer  per  100,000  population  a year  at  the  latitude  of  Iowa.  On  the 
assumption  that  the  incidence  of  non-melanoma  skin  cancer  in  the  United  States  is  approximately  1 65 
per  100,000  (Scotto,  1975),  a 5%  decrease  in  stratospheric  ozone  concentration  could  result  in  an 
average  increase  in  the  United  States  of  16.5  cases  of  skin  cancer  per  100,000,  or  a total  of 
approximately  30,000  new  cases  per  year. 


INTRODUCTION 

As  has  been  pointed  out  before,  there  exists 
extensive  evidence  that  skin  cancer,  at  least  of 
the  non-melanoma  type,  is  caused  by  cumulative 
exposure  to  ultraviolet  radiation  of  wavelengths 
between  280  and  320  nm,  called  UVB.  This 
holds  true  primarily  of  skin  unprotected  by 
significant  amounts  of  melanin  (but  see  Blum, 
1969),  and  thus  applies  mainly  to  the  white 
races,  or  about  one-third  of  the  world’s  popula- 
tion. 

All  photobiological  responses  to  irradiation 
by  ultraviolet  and  visible  light  show  a de- 
pendence on  the  energy  of  the  incident  photons, 
with  a maximum  response  at  a fairly  well-defined 
photon  energy  and  a somewhat  limited  range 
beyond  which  the  lower  photon  energies  are  very 
much  less  effective.  This  depends  mostly  on 
absorption  of  UV  by  specific  important  mole- 
cules, and  hence  is  restricted  to  the  absorption 
spectra  of  these  molecules. 


Skin  carcinogenesis  by  UV  radiation  is 
generally  assumed  to  be  the  result  of  genetic 
damage  in  DNA  molecules.  The  skin-carcino- 
genesis action  spectrum  and  the  DNA  absorption 
spectrum  may  therefore  correspond  (Setlow, 
1974;  Chavaudra  and  Latarjet,  1973),  though 
there  are  other  possibilities  and  uncertainties 
(Blum,  1974).  The  erythemal  spectrum  agrees 
well  with  the  DNA  absorption  spectrum  in  the 
spectral  region  from  295  to  330  nm,  which 
appears  to  cause  nearly  all  the  response.  Hence, 
either  the  DNA  absorption  spectrum  or  the 
erythema  action  spectrum  will  give  nearly  the 
same  results  for  irradiation  by  sunlight  (Setlow, 
1974;  Chavaudra  and  Latarjet,  1973;  Green  and 
Mo,  1974).  Furthermore,  the  action  spectrum  for 
skin  carcinogenesis  in  mice  covers  the  same 
spectra]  range  as  the  human  erythema  action 
spectrum  (Freeman,  1974;  Magnus,  1974; 
Wetzel,  1959);  for  the  purposes  of  the  CIAP 
studies,  the  erythema  spectrum  was  taken  as 
equivalent  to  that  for  human  carcinogenesis.  The 
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weight  of  the  evidence  is  consistent  with  the 
concept  that  UV-induced  phqto-damage  to  skin 
is  the  main  causative  factor  in  skin  cancer,  and 
that  there  is  no  threshold  effect  (Blum,  1959, 
1974).  Thus  a relationship  should  exist  between 
skin-cancer  incidence  and  cumulative  dose 
governed  by  a sensitivity  function.  In  mice,  the 
quantitative  relationship  between  UV  dose  and 
production  of  skin  cancer  has  been  thoroughly 
explored:  tumor  incidence  in  this  experimental 
model  is  proportional  to  the  square  root  of  the 
number  of  UV  doses,  their  size,  and  the  interval 
between  doses  (Blum,  1959). 

Blum  (1975),  using  a model  that  takes  into 
account  unresolvable  uncertainty  in  cancer 
growth,  shows  by  analysis  of  available  data  that 
for  men,  as  for  mice,  carcinogenesis  by  repeated 
doses  of  ultraviolet  radiation  is  cumulative.  The 
analysis  also  indicates  broad  uncertainty  in  the 
predictions  that  may  be  made  from  present  data. 
Various  factors  may  contribute  to  this  uncer- 
tainty, but  these  cannot,  for  the  most  part  at 
least,  be  evaluated  quantitatively  at  present. 
Cumulative  dosage  or  exposure  is  a function  of 
the  amount  of  ozone  in  the  stratosphere,  atmo- 
spheric conditions  (cloudiness,  aerosol,  etc.), 
latitude,  and  lifestyle  (which  includes  time  and 
type  of  outdoor  activity).  Of  these,  the  thickness 
of  the  stratospheric  ozone  layer  is  a major 
determinant  of  the  amount  and  spectral  distribu- 
tion of  effective  UV  radiation  which  can  reach  a 
target  at  any  point  on  earth. 

The  question  of  interest  to  CIAP  is:  What  is 
the  potential  effect  of  a reduction  in  strato- 
spheric ozone  on  the  incidence  of  skin  cancer? 
The  most  straightforward  way  to  get  an  answer 
would  be  to  compare  observed  skin-cancer  inci- 
dence to  ozone  thickness  over  areas  where  such 
epidemiological  and  meteorological  data  are 
available,  and  extrapolating  from  this  informa- 
tion, making  reasonable  assumptions  to  allow  for 
the  effects  of  all  factors  thought  to  affect 
skin-cancer  incidence  in  addition  to  ozone  thick- 
ness. Such  an  approach  was  used  originally  by 
McDonald  (1971).  It  presupposes,  however,  a 
knr  .ledge  of  ozone  conditions  which  is  not 
accurately  available  at  present.  Existing  ozone 
maps  (■  ondon,  1974;  Kohmyr  et  al.,  1973)  are 
based  on  ozone  measurements  made  at  various 
places  (at  none  of  which  epidemiologic  data  for 
skin-cancer  incidence  exist)  at  various  times  and 


with  various  methods.  Extrapolation  to  specific 
location  and  times  is  difficult.  Furthermore, 
there  are  known  marked  seasonal  and  longitu- 
dinal as  well  as  latitudinal  changes  in  ozone 
(London,  1974).  However,  since  UV  radiation  is 
thought  to  be  causally  related  to  skin-cancer 
production,  and  can  be  measured  with  some 
accuracy  and  reliability  in  many  places  (Berger  et 
al.,  1975)  and  compared  wi;h  ozone  measure- 
ments, it  was  thought  appropriate  to  use  UV  data 
for  the  estimates  reported  here. 

Utilizing  the  figures  for  U.S.  skin-cancer 
incidence  obtained  by  the  Third  National  Cancer 
Survey  (Scotto  et  al.,  1974)  and  a variety  of 
assumptions  about  the  relationship  of  UV  radia- 
tion and  skin  cancer,  several  models  of  the 
potential  effect  of  reduction  of  the  stratospheric 
ozone  layer  have  been  proposed  (McDonald, 
1971;  Green,  1975;  van  der  Leun  and  Daniels, 
1975;  Urbach  and  Davies,  1975). 

Underlying  all  of  these  models  are  several 
assumptions: 


• A decrease  in  stratospheric  ozone  will 
result  in  an  increase  in  UV  radiation 
shorter  than  approximately  320  nm. 

• An  increase  in  UV  radiation  shorter 
than  approximately  320  nm  will  result 
in  an  increase  in  skin  cancer  in  a 
susceptible  human  population. 

• The  observed  increase  in  skin  cancer 


with  decreasing  latitude  is  due  to  several 
interacting  factors,  of  which  ozone 
thickness  and  sun  angle  are  two;  dif- 
ferences in  local  atmospheric  condi- 
tions, genetic  background  of  the  popula- 
tion, type,  length,  and  kind  of  outdoor 
exposure,  and  other  not-yet-specified 
conditions  make  up  the  rest. 

UVB  RADIATION  AND  OZONE 


A relationship  between  ozone-layer  thick- 
ness and  UV  radiation  which  is  erythemogenic 
for  untanned  white  skin  has  been  calculated  by  a 
number  of  investigators,  beginning  with  Latarjet 
(1935).  Table  1 gives  summaries  of  these  various 
computations  and  the  appropriate  references.  It 
is  striking  that  the  values,  except  for  McDonald’s 
(1971),  are  so  close  despite  large  differences  in 
physical  and  biological  data  and  in  calculation 
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conditions,  such  as  solar  zenith  angle.  For  a 5% 
decrease  in  ozone,  the  increases  in  UV-B  range 
from  7 to  1 1 .5%.  The  differences  are  in  part  due 
to  the  non-linearity  of  the  rate  of  change  of  the 
sunburning  capability  of  solar  UV  with  change  in 
ozone  column  (see  Figure  1).  The  average  in- 
crease in  UVB  effectiveness  for  a 5%  decrease  in 
ozone  becomes  9.0%  (or  an  amplification  factor 
of  1.8).  Comparisons  of  UVB  meter  readings  at 
Hilo,  Hawaii  and  Bismarck,  North  Dakota  with 
Dobson-meter  measurements  at  these  stations 
showed  amplification  factors  of  2.1 5 and  2.0 
respectively  (Berger,  1975). 

The  nature  of  the  absorptive  process  is 
such  that  the  increase  in  transmission  of  a 


3.00  - 
g 2.30  - 


% 1.00  - 
a 

•3 

| 0.80  - 

i i i l I I I I 1 J 

3.00  4.50  *00  130  300  2.30  2.00  ISO  1.00  0.50  0.00 
OZONE  THICKNESS  (mm) 

Figure  1.  Ratio  of  change  in  UVB  irradiation  to 
change  in  total  ozone  column,  as  a func- 
tion of  ozone  columa 


particular  wavelength  will  be  an  exponential 
function  of  the  change  in  ozone  concentration: 
The  total  change  in  transmission  is  the  integral  of 
the  change  at  each  wavelength,  and  will  thus  also 
be  related  exponentially  to  the  concentration 
change.  The  relative  magnitude  of  the  change  will 
be  strongly  dependent  on  the  wavelength  region 
of  interest:  The  greater  the  overlap  between  this 
range  and  the  range  of  ozone  absorption,  the 
greater  will  be  the  “amplification  factor”  relating 
a given  relative  change  in  ozone  concentration  to 


the  corresponding  relative  change  in  biologically 
effective  ultraviolet  transmission.  The  size  of  this 
overlap  is  defined  by  the  choice  of  weighting 
factors,  or  action  spectrum,  for  the  biological 
effect  of  interest.  In  the  absence  of  certain 
knowledge  concerning  the  action  spectrum  for 
cutaneous  carcinogenesis  (but  with  the  knowl- 
edge that  UVB  wavelengths  are  relatively  more 
effective  carcinogenically  than  longer  wave- 
lengths, at  least  in  animals),  the  human-skin 


Table  1.  Relationship  Between  Ozone-Layer  Thickness  and  Erythemogenic  UV 


Estimated  Increase  of  Erythemal 
UV  Effectiveness  Due  to  5% 


Reference 

Decrease  of  O3  Layer  Thickness 

Comments 

Latarjet  (1935) 

8% 

Direct  component  only  - sun  at  zenith. 

Chavaudra  and 

Direct  component  only  - sun  at  zenith. 

Latarjet  (1973) 

7% 

Using  Coblentz  and  Stair  (1934)  action  spectrum 

9% 

Using  Cripps  and  Ramsay  (1970)  action  spectrum 

Schulze  (1974) 

From  results  for  a 10%  decrease  of  O3  layer 
thickness,  assuming  linearity  down  to  5%. 

9% 

In  equatorial  zone 

11% 

In  polar  zone 

Cutchis  (1975) 

11.5% 

Solar  zenith  angle  30c . From  results  for  a 10% 
decrease  of  O3  layer  thickness. 

Mo  and  Green  (1975) 

10% 

Setlow  (1974) 

10% 

Evaluation  from  2%  increase  of  effects  for  1% 
decrease  of  O3  layer  thickness. 

van  der  Leun  and 

21% 

Calculated  from  MacDonald  (1971)  (opt.  amp. 

Daniels  (1975) 

factor  4.2). 

9% 

Calculated  from  ClAPdata  (opt.  amp.  factor  1.6). 
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erythema  spectrum  and  a composite  DNA  photo- 
effect spectrum  have  been  used  as  models.  A 
third  action  spectrum  which  enters  into  consider- 
ation is  that  of  the  UVB  meter,  designed  to 
approximate  the  spectrum  of  human  erythema. 

The  shape  and  displacement  of  these  spectra 
is  such  that  for  a given  initial  ozone  concentra- 
tion the  amplification  factors  will  be  in  the  order 
DNA  > skin  > UVB  meter.  The  absolute 
magnitude  of  the  factors  will  also  depend  on  the 
initial  slant-column  concentration  of  ozone  as 
well  as  the  magnitude  of  the  change.  It  is  thus 
somewhat  surprising  that  the  absolute  magnitude 
of  the  amplification  factor  can  be  stated  with 
some  confidence.  For  the  model  spectra  pres- 
ently in  use,  for  the  normal  range  of  ozone  con- 
centrations over  mid-latitudes,  and  for  relatively 
small  (<20%)  changes  in  concentration,  the 
factors  are  generally  in  the  range  of  1 .5-2.5,  with 
a value  of  2 providing  a not  unreasonable 
approximation.  In  other  words,  a 5%  reduction 
in  average  ozone  concentration  will  result  in  an 
increase  of  approximately  1 0%  in  “active”  ultra- 
violet flux  at  the  earth’s  surface  (see  Table  1). 

Although  extensive  basic  experimental  infor- 
mation on  the  solar  spectrum  exists,  and  elegant 
mathematical  models  have  been  produced  in  this 
age  of  high-speed  computers,  neither  can  be 
applied  with  great  certainty  to  the  actual  amount 
of  UVB  reaching  any  one  area  on  earth.  The 
atmospheric  attenuation  processes  are  too 
numerous  and  too  ill-defined  to  be  simul- 
taneously quantified  with  any  great  degree  of 
accuracy.  However,  calculations  modeling  long- 
term exposures  to  UVB  have  been  performed 
(Mo  and  Green,  1974)  and  compared  to  actual 
measurements.  The  instruments  used  in  the  field 
measurements  were  a series  of  UVB  meters 
(Berger  et  al.,  1975)  which  were  installed  at 
Philadelphia,  PA,  Des  Moines,  IA,  Minneapolis, 
MN,  Albuquerque,  NM,  El  Paso,  TX,  Dallas/Fort 
Worth,  TX,  Tallahassee,  FL,  and  Oakland,  CA. 

The  major  factors  affecting  transmission  of 
UV  radiation  of  the  290-320  nm  range  to  a 
terrestrial  observer  are  sun  angle  (which  depends 
on  time  of  day,  season,  and  latitude),  cloud 
cover,  and  aerosols  and  suspended  particles.  The 
importance  of  atmospheric  conditions  and  their 
variability  from  hour  to  hour  and  day  to  day  are 
shown  in  Figures  2 and  3. 


Figure  2 gives  half-hourly  plots  of  integrated 
erythemogenic  UV  as  measured  by  the  meters 
stationed  at  El  Paso  (latitude  31.8°  north)  and 
Tallahassee  (latitude  30.4°  north)  for  the  same 
days  of  the  first  week  of  January  1974.  Although 
Tallahassee  is  1.4°  farther  south  than  El  Paso, 
and  thus  would  be  expected  to  receive  higher 
daily  and  cumulative  levels  of  total  ultraviolet 
light  because  of  latitude,  this  was  the  case  on 
only  one  day,  January  5,  1974,  when  both 
stations  had  cloud  cover  for  most  of  the  day.  The 
generally  lower  UVB  totals  are  due  to  almost 
daily  intermittent-to-major  cloud  cover  at  Talla- 
hassee, and  generally  clear  weather  at  El  Paso.  In 
Figure  3,  a similar  plot  is  given  for  El  Paso  and 
Albuquerque  (35.1°  north).  Again,  repeated 
cloud  cover  over  Albuquerque  magnifies  the 
latitude  effect.  The  sensitivity  of  the  meters  to 
change  in  local  atmospheric  conditions  is  clearly 
indicated  by  these  figures. 

Green  et  al.  (1974),  Shettle  and  Green 
(1974),  and  Mo  and  Green  (1974)  have  per- 
formed detailed  calculations  on  systematic  rela- 
tionships of  climatic  variables  and  their  effects  • 


UV  COUNTS 
1/2  Mfl 


Figure  2.  Half-hourly  readings  taken  from  sun- 
burning-UV  meters  in  El  Paso,  Texas  and 
Tallahassee,  Florida  in  January  1974.  Note 
the  marked  effect  of  cloud  cover  at 
Tallahassee  compared  to  almost  daily  clear 
weather  in  El  Paso. 


69 


1 


URBACH  AND  DAVIES 


iflfn  w*  m i/tfu 


IM— -EL  PASO  lll°N  1.771' 

Ml  — ALBUQUERQUE  »I°N  «|JJ 


Figure  3.  Half-hourly  readings  from  sunburning-UV 
meters  in  El  Paso  and  Albuquerque,  New 
Mexico,  in  January  1974.  Again,  there  is 
much  more  cloud  cover  in  Albuquerque 
than  in  El  Paso. 

on  local  UVB  dose.  For  comparison  with  the 
UVB  meter  readings,  they  calculated  profiles  of 
UVB  doses  for  the  exact  locations  of  the  meter 
stations,  using  their  semi-empiric  analytic 
formula  for  the  erythema-spectrum-weighted 
daily  UVB  dose,  taking  into  account  seasonal  and 
latitudinal  dependence  of  ozone,  and  assuming  a 
standard  turbidity  for  clear  sky  only.  Table  2 
shows  a comparison  of  the  calculations  of  Green 
et  al.  (1974)  and  actual  measurements  from  UVB 
meters  from  eight  stations  in  the  U.S.  for  a 
one-year  period.  The  calculated  values  are  ex- 
pressed as  joules  per  square  meter,  weighted  for 
erythemal  effectiveness;  the  measured  values  are 
expressed  as  counts  on  an  empirical  scale  de- 
signed to  give  maximum  expected  values  of 
approximately  1000  counts  per  half-hour  inside 
the  tropics.  (All  graphic  data,  as  well  as  the 
material  in  Table  2,  are  expressed  in  these  units.) 
Of  the  eight  stations  for  which  data  for  a full 
year  are  available,  for  six  the  slopes  of  predicted 
vs.  observed  data  (0.62  ± 0.08)  are  in  reasonable 
agreement.  The  exceptions  are  Philadelphia 
(slope  .85)  and  Tallahassee  (slope  .91),  pre- 
sumably caused  by  local  conditions. 

The  details  of  the  observations,  and  their 
correlations  with  calculations,  are  reported  by 


Berger  et  al.  (1975).  A crude  correlation  of  0.910 
was  observed  between  the  two  sets  of  data, 
indicating  that  approximately  83%  of  the 
measurement  differences  were  predictable.  An 
examination  of  the  points  suggested  that  the 
residual  variation  was  not  random.  Figure  4 
presents  12  months  of  data  for  three  stations 
separately.  Several  significant  observations  arise 
from  the  illustration.  First,  the  deviation  of 
observation  from  prediction  is  small:  residual 
variation  was  less  than  10%.  Second,  the  agree- 
ment is  generally  better  at  northern  stations  than 
at  southern  stations,  for  reasons  discussed  by 
Berger  et  al.  Third,  there  is  a systematic  deviation 
of  all  regression  lines  from  the  origin;  the 
deviations  are  generally  gi  eater  at  southern  sta- 
tions. 

The  positive  x-intercepts  are  probably  due  to 
the  difference  in  the  action  spectra  of  UVB 
meters  and  human  erythema.  Relative  to  the 
erythema  action  spectrum  used  by  Green,  the 
UVB  meter  overestimates  longer-wavelength 
UV  (>  320  nm)  and  somewhat  underestimates 
UV  of  wavelengths  shorter  than  300  nm.  Since 
UV  irradiation  at  wavelengths  longer  than  320 
nm  varies  less  with  factors  such  as  sun  angle  and 
ozone  concentration  than  does  UV  below  300 
nm,  the  “zero  offset”  thus  can  represent  an 
estimate  of  the  contribution  of  longer  UV  to  the 
meter  readings.  This  explanation  is  consistent 
with  the  observation  that  the  offset  varies  in- 
versely with  latitude. 

Green  (1975b)  has  recently  made  an  addi- 
tional series  of  calculations  in  which  the  earth- 
level  ultraviolet  dose  is  weighted  for  an  analytical 
representation  of  the  sunbuming-UV  meter  ac- 
tion spectrum,  normalized  to  1 at  300  nm.  The 
increased  weighting  of  the  range  300-325  nm, 
and  the  inclusion  of  even  longer  wavelengths, 
result  in  amplification  (by  about  one  order  of 
magnitude)  of  the  integral  dose  estimates,  com- 
pared to  the  previous  erythema-weighted  values. 
Of  greater  significance  is  the  fact  that  when  these 
data  are  compared  to  the  meter  readings,  the 
correlations  are  essentially  unchanged  but  the 
positive  x-intercept  virtually  disappears. 

Future  temperature  corrections  of  the 
meters  and  better  estimates  of  the  relative 
contribution  of  longer-wavelength  radiation  to 
meter  readings  are  expected  to  make  it  possible 
to  develop  correcting  factors  for  each  station, 
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a.  El  Paso 


b.  Philadelphia 


SUV  COUNTS 

c.  Minneapolis 

Figure  4.  UV  radiation,  weighted  for  erythemal  ef- 
fectiveness according  to  Green  et  al., 
1974,  vs.  sunburning  UV. 

which  may  eventually  offer  insights  into  cur- 
rently unrecognized  components  of  the  variation 
in  ultraviolet  radiation. 


RELATION  OF  UV  FLUX  TO 
CARCINOGENIC  ACTIVITY 

Available  evidence  suggests  that  the  latitude 
gradient  of  skin-cancer  incidence  is  non-linear.  As 
generally  presented,  this  relationship  is  described 
as  exponential,  relating  log  of  incidence  to 
latitude.  Such  a representation  has  two  advan- 
tages. First,  it  simplifies  the  graphic  repre- 
sentation of  data  which  vary  greatly  in  magni- 
tude. Second,  the  exponential  relationship  is  easy 
to  deal  with  conceptually,  since  it  equates  a 
change  in  the  independent  variable  to  a pro- 
portional relative  change  in  the  dependent  vari- 
able; the  proportional  change  is  not  complicated 
by  the  question  of  the  magnitude  of  the  base 
incidence. 

Despite  its  attractiveness,  however,  this  ex- 
ponential description  has  certain  disadvantages. 
Small  discrepancies  in  parameters  lead  to  rather 
large  differences  in  the  appearance  of  the  curve, 
particularly  near  its  extreme,  and  to  larger 
differences  if  extrapolation  is  attempted.  A more 
fundamental  problem  is  discussed  Below.  More- 
over, the  data  available  at  present  are  inadequate 
in  both  quality  and  quantity  to  provide  unam- 
biguous support  for  an  exponential  description, 
although,  as  indicated,  they  do  suggest  a non- 
linear relationship. 

There  is  obviously  a relationship  between 
latitude  and  solar-energy  intensity,  and  this 
gradient  is  greatest  in  the  ultraviolet  portion  of 
the  spectrum.  Although  the  shape  of  this  rela- 
tionship is  relatively  complex  and  dependent  on 
a number  of  variables,  for  a range  of  mid-latitude 
values  (30°-50°)  the  form  closely  approximates  a 
straight  line  (see,  e.g.,  Green  et  al.,  1974).  The 
integrated  weighted  measurements  of  annual 
dose  obtained  at  eight  stations  are  also  in  good 
agreement  with  a linear  latitudinal  gradient; 
although  there  is  considerable  scatter  in  the  data, 
there  is  no  significant  improvement  in  the  cor- 
relation when  simple  non-linear  (e.g.,  expo- 
nential, second-  or  third-order)  relationships  are 
examined.  It  thus  appears  that  at  least  for 
latitudes  corresponding  to  the  continental  United 
States  a linear  description  of  the  latitude  UV- 
dose  relationship  is  adequate. 

There  is  good  experimental  evidence  that 
changes  in  UV  dose  produce  changes  in  skin- 
cancer  incidence  in  animals,  and  presumably  in 
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man  (Blum,  1975).  Nevertheless,  all  investigators 
appear  to  agree  that  there  are  additional  latitude- 
related  variables  which  modify  the  relation  of 
surface  dose  to  epidemiologic  effects.  This  con- 
clusion is  based  in  part  on  the  .indication  of 
non-linearity  in  the  incidence/latitude  curves, 
and  in  part  on  the  intuitive  concept  that  latitude- 
related  climatic  and  behavioral  effects  must 
modify  the  dose  actually  reaching  the  target 
population.  The  factors  involved  and  their  magni- 
tude are  largely  speculative.  McDonald  (1971) 
suggested  that  they  contribute  about  50%  to  the 
observed  gradient,  and  van  der  Leun  and  Daniels 
(1975)  consider  this  a not-unreasonable  estimate. 
To  accept  such  an  estimate  in  conjunction  with 
an  exponential  incidence/dose  relationship,  how- 
ever, implies  that  these  “other  factors”  are  also 
exponentially  related  to  latitude.  If  the  assumed 
magnitude  of  these  factors  is  speculative,  an 
assumed  exponential  relationship  is  considerably 
more  so. 

If  the  input  of  potentially  biologically  effec- 
tive UV  is  linearly  related  to  latitude,  and  if  the 
factors  relating  this  input  to  skin  cancer  are  also 
latitude-dependent,  it  follows  that  the  relation- 
ship of  skin-cancer  incidence  to  latitude  must  be 
non-linear.  If,  for  example,  the  modifying  factor 
were  a linear  function  of  latitude,  skin-cancer 
incidence  would  be  a second-order  function  of 
latitude.  While  available  data  are  inadequate  to 
argue  convincingly  for  or  against  such  a descrip- 
tion, the  apparent  curvilinearity  of  the  epidemi- 
logic  data  can  be  accommodated  as  well  by  a 
second-order  relationship  as  by  an  exponential 
relationship. 

For  modeling  purposes,  therefore,  we  have 
made  the  following  set  of  assumptions. 

1.  Biologically-active  UV  dose  is  a linear 
function  of  latitude,  within  the  limits  of 
immediate  interest. 

2.  There  exists  a latitude-dependent 
“effectiveness  factor”  which  relates  the 
input  of  biologically-active  UV  to  the 
biologically  effective  dose  actually 
reaching  the  target  population.  The 
magnitude  of  this  factor  is  unknown;  in 
the  absence  of  direct  information  we 
assume  it  to  be  a linear  function  of 
latitude. 


3.  The  incidence  of  skin  cancer  is  a func- 
tion of  the  “effective  dose”  of  biolo- 
gically-active UV,  that  portion  of  the 
input  dose  which  actually  reaches  the 
target  population.  Again,  in  the  absence 
of  adequate  data  for  man,  we  assume 
this  relationship  to  be  linear.  By  in- 
ference, therefore,  we  assume  incidence 
to  be  second-order  with  respect  to 
latitude. 

The  available  data  from  the  eight  UV  meters 
make  it  possible  to  estimate  the  linear  input -dose/ 
latitude  relationship,  shown  in  Figure  5.  There  is 
no  basis  for  direct  estimation  of  the  effectiveness 
factor;  we  have  made  an  indirect  estimate  based 
in  part  on  the  reasoning  of  Robertson  (1972).  In 
one  of  several  attempts  to  relate  UV  dose  to  skin 
cancer,  Robertson  considered  the  number  of 
days  on  which  a certain  minimum  UV  dose  was 
delivered.  A daily  total  dose  of  9 minimal 
erythema  doses  (MED’s)  or  3600  counts  of  the 
UV  meter  was  considered  “ineffective”  for  skin 
carcinogenesis  if  repeated  for  the  adult  lifetime 
of  the  average  susceptible  man.  (For  a descrip- 
tion of  the  reasoning,  see  Robertson  (1972).) 


Figure  5.  Annual  sunburning-UV  counts  vs.  latitude. 

+,  gross  annual  SUV,  representing  data 
from  Robertson-Berger  meters  at  nine 
locations  in  the  U.S.  o,  effective  annual 
SUV,  representing  annual  total  SUV  ex- 
ceeding 3600  counts/day  from  the  same 
Robertson-Berger  meters. 

Such  a formulation  has  the  appearance  of  a 
dose  “threshold,”  a concept  which  is  anathema 
to  most  photobiologists.  Robertson  properly 
described  it,  however,  as  a “quasi-threshold” 
which  would  be  expected  if  the  detection  level 
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for  the  (quantal)  response  were  greater  than  zero, 
or  if  competing  processes  (repair,  regeneration, 
rejection,  etc.)  were  operative.  As  used  by 
Robertson,  the  “threshold”  is  simply  a go/no-go 
sorting  device,  with  time  intervals  being  classified 
as  effective  or  ineffective;  the  absolute  dose  is 
not  otherwise  considered.  For  our  purposes, 
however,  dose  is  the  component  of  interest.  We 
therefore  adopted  Robertson’s  3600  counts/day 
minimum  dose  as  a basis  for  calculating  integral 
“overdose,”  the  dose  in  excess  of  the  threshold 
accumulated  at  each  station.  This  was  accom- 
plished by  plotting  the  mean  daily  dose  for  each 
month,  connecting  the  points,  and  measuring  the 
area  within  this  curve  and  above  3600 
counts/day  (9  X 400  counts,  the  approximate 
value  of  one  minimal  erythema  dose,  comparable 
to  Robertson’s  “sunburn  unit”).  These  integrated 
values  were  taken  to  estimate  “effective  dose,” 
and  are  shown  fitted  to  a second-order  curve  in 
Figure  5.  (Although  the  second-order  fit  was  not 
significantly  better  than  a first-order  fit,  our 
model  requires  that  “effective  dose”  be  second- 
order  with  respect  to  latitude.)  The  ratio  of  the 
second-order  effective-dose  equation  to  the  first- 
order  total-dose  equation  is  a first-order  expres- 
sion of  “effectiveness”  as  a function  of  latitude 
(Figure  6).  Both  the  elevation  and  the  slope  of 
this  line  are  of  course  dependent  on  the  thresh- 
old selected.  The  9 units/day  value  was  chosen 
by  Robertson  as  approximating  an  average  mid- 
winter day  in  the  tropics,  and  is  lower  than  the 
midsummer  dose  in  Galway,  Ireland,  where 
appreciable  skin  cancer  occurs;  if  this  “quasi- 
threshold” approach  is  valid,  the  9-unit  value 
thus  provides  about  tjie  largest  gradient  consis- 
tent with  reality. 

With  an  equation  for  estimated  effective 
dose  in  hand,  we  can  relate  incidence  to 
effective  dose.  For  the  purposes  of  the  present 
study,  the  incidence  data  of  Scotto  et  al.  (1974), 
though  limited  to  four  locations,  provide  the 
most  inter-comparable  set  of  estimates.  Best-fit 
sir aight  lines  were  calculated  for  the  four  experi- 
mental incidence  values  against  the  expected 
eMetiive  dose  (derived  from  the  best -fit  second- 
••der  equation),  for  both  males  and  females,  and 
*ii<i*i<d  incidence  values  for  each  location  were 
e'xinni  (rum  these  lines.  For  each  latitude  the 
• »«  inhuming  I'V  was  then  increased  by  10%; 
>»  in*  model,  the  result  was  a 10% 


Figure  6.  UV  effectiveness  as  a function  of  latitude, 
expressed  as  the  ratio  of  the  second-order- 
fit  equation  of  effective  dose  (gross  annual 
minus  threshold)  to  the  first-order-fit 
equation  of  gross  annual  dose. 

increase  in  effective  dose,  since  the  effectiveness 
factor  is  a constant  at  a given  latitude.  The 
corresponding  incidence  was  then  calculated  as  a 
function  of  the  increased  effective  dose,  and 
expressed  relative  to  the  original  adjusted  inci- 
dence. The  results  (see  Table  3)  show  a small 
latitude  gradient,  for  both  males  and  females, 
and  represent  about  a 10-15%  increase  in  inci- 
dence for  a 10%  increase  in  UV.  Taken  in 
conjunction  with  the  previously  mentioned  1:2 
relation  of  changes  in  ozone  to  changes  in  UV 
dose,  this  indicates  a 10-15%  increase  in  skin 
cancer  for  a 5%  decrease  in  ozone.  In  contrast,  a 
calculation  based  on  the  assumption  of  a linear 
relationship  of  cancer  incidence  to  total  counts 
(Table  4)  suggests  a much  steeper  latitude 
gradient. 

We  do  not  suggest,  of  course,  that  the  first 
3600  counts  per  day  represent  ineffective  radia- 
tion. Instead,  we  are  using  a;i  admittedly 
arbitrary  device  to  estimate  the  effectiveness  of 
current  doses,  with  the  assumption  that  the  same 
proportionate  effectiveness  would  be  observed 
with  increased  (or  decreased)  doses.  The  use  of 
different  “thresholds”  (pseudothresholds)  for 
such  estimates  leads  to  quantitatively  different 
but  qualitatively  similar  results  (in  Table  4).  The 
relevant  conclusion,  independent  of  the  method 
used  to  estimate  current  relative  effectiveness,  is 
that  if  the  response  (carcinogenesis)  is  a function 
of  the  received  dose,  and  if  there  are  intervening 
latitude-dependent  modifiers  of  reception  (ex- 
posure), the  response  must  be  a non-linear 
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Table  3.  Effect  of  a 10%  Increase  in  Biologically  Effective  Ultraviolet  Radiation  on  Incidence  of  Skin  Cancer 


Incidence  Per  100,000  Percent  Increase 


Scotto 

(1974) 

Adjusted 

Increased 

Linear  With 
“Effective  SUV”* 

Linear  With 
Total  SUV 

Minneapolis 

Males 

179 

121.19 

137.82 

13.72 

40.53 

Females 

104 

69.81 

77.39 

10.85 

31.48 

Iowa 

Males 

157 

188.86 

212.26 

12.38 

27.81 

Females 

74 

100.66 

111.32 

10.59 

23.84 

San  Francisco 

Males 

229 

303.22 

338.06 

11.48 

21.27 

Females 

123 

152.78 

168.66 

10.39 

19.30 

Dallas 

Males 

494 

445.72 

494.80 

11.01 

18.29 

Females 

240 

217.73 

240.10 

10.27 

16.91 

♦Based  on  Urbach  and  Davies’  model(1975) 


Table  4.  Estimated  Effectiveness  Factor  at  Various 
Locations  for  Selected  Pseudothreshold 
Levels 


Pseudothreshold  Level  (counts/da y) 


Location 

1200 

2400 

3600 

4800 

Minneapolis 

0.54 

0.31 

0.16 

0.06 

Iowa 

0.65 

0.42 

0.24 

0.11 

San  Francisco 

0.70 

0.48 

0.32 

0.18 

Dallas 

0.72 

0.48 

0.30 

0.17 

function  of  latitude  and  thus  (at  least  for 
midlatitudes)  of  total  biologically  active  dose. 

Like  all  others,  this  model  cannot  presently 
be  adequately  tested  because  of  the  scanty 
epidemiologic  data  base.  Its  virtue,  we  believe, 
lies  in  offering  an  alternate  explanation  for  a 
non-linear  gradient  of  skin-cancer  incidence  with 
latitude  (while  avoiding  the  hazard  of  postulating 
an  exponential  effectiveness  factor),  and  in 
postulating  that  equivalent  delivered  doses  have 
equivalent  effects.  Its  weaknesses  include  the 
absence  of  a clear  measure  of  “effective  dose,” 


equivalent  step  changes  in  cumulative  annual 
exposure. 

In  summary,  the  various  models  attempting 
to  relate  decrease  in  atmospheric  ozone  to  a 
possible  increase  in  skin  cancer  result  in  the 
following  “amplification  factors”: 

• Increase  in  UVB  due  to  reduction 
in  ozone  concentration  in  the 
stratosphere: 

Optical  “amplification”  factor:  2X 
(range  1 .4  to  2.5) 

• Increase  in  skin-cancer  incidence  due  to 
increase  in  UVB  radiation  at  ground 
level: 

Biological  “ amplification ” factor: 
IX  (range  0.5  to  2) 

• Increase  in  skin-cancer  incidence  due  to 
reduction  in  ozone  concentration  in  the 
stratosphere: 

Total  “amplification”  factor:  2X 
(range  0.7  to  5.0) 

If  the  skin-cancer  incidence  figures  of  Scotto 
et  al.  (1974)  are  used  as  a baseline,  with  a 2X 


and  the  apparent  inconsistency  between  its 
postulates  of  linear  dose-effect  relationship  and 
the  results  of  experimental  animal  data.  With 
regard  to  the  latter  question,  however,  it  is  by  no 
means  clear  that  step  changes  in  uniform  re- 
peated doses  produce  the  same  effects  as 


“amplification”  factor,  a 5%  reduction  in  ozone 
concentration  could  result  in  an  increase  of  37 
cases  of  skin  cancer  per  100,000  population  a 
year  at  the  latitude  of  Dallas/Forth  Worth, 
Texas,  and  an  increase  of  12.4  cases  of  skin 
cancer  per  100,000  population  a year  at  the 
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latitude  of  Iowa.  On  the  assumption  that  the 
incidence  of  non-melanoma  skin  cancer  in  the 
United  States  is  approximately  165  per  100,000 
(Scotto,  1975),  a 5%  decrease  in  stratospheric 
ozone  concentration  could  result  in  an  average 
increase  in  the  United  States  of  1 6.5  cases  of  skin 
cancer  per  100,000,  or  a total  of  approximately 
30,000  new  cases  per  year. 

It  cannot  be  stressed  too  strongly  that  all  the 
calculations  by  all  the  authors  who  have  at- 
tempted to  provide  such  estimates  are  subject  to 
great  (and  at  this  time  not  measurable)  uncer- 
tainty, much  of  which  is  inherent  in  the  un- 
certainty of  growth  of  cell  populations  in  cancer 
(Blum,  1975).  For  this  reason,  until  much  better 
data  — at  least  on  the  effects  of  shifts  in  spectral 
distribution  of  UV  radiation,  effects  of  flux, 
time-dose  relationships,  and  on-off  (seasonal) 
cycles  of  irradiation  - and  much  more  reliable 
information  on  the  true  incidence  of  skin  cancer 
are  available,  all  the  numerical  estimates  must  be 
treated  as  very  preliminary,  and  open  to  signif- 
icant correction  as  new  information  accumulates. 

The  skin  cancers  discussed  in  the  above 
section  are  principally  the  basal-  and  squamous- 
cell carcinomas.  The  melanomas  have  not  been 
included.  The  incidence  of  malignant  melanomas, 
although  small,  also  shows  a marked  latitude 
gradient,  and  the  death  rates  from  the  two  broad 
groups  of  primary  neoplasms  of  skin  are  highly 
correlated  in  the  states  and  provinces  of  the 
United  States  and  Canada.  The  importance  of  the 
malignant  melanomas  lies  in  the  high  proportion 
of  those  affected  who  die  (with  current  methods 
of  treatment  it  is  about  40%,  a figure  comparable 
to  that  of  breast  cancer).  It  can  be  assumed  that 
the  extra  deaths  from  squamous-cell  carcinomas 
produced  by  an  environmental  change  will  be 
associated  with  an  approximately  equal  number 
of  deaths  from  malignant  melanoma.  If  the 
present  clinical  features  of  the  tumors  are  un- 
altered, these  melanoma  deaths  will  occur  in 
much  younger  people  than  the  deaths  from  other 
skin  cancers. 

Furthermore,  the  preceding  observations  on 
the  relationship  between  exposure  to  sunlight 
and  the  incidence  of  skin  cancers  and  melanomas 
have  largely  referred  to  a static  situation.  There 
have  been  hints  that  the  incidence  of  skin  tumors 
of  all  types  is  rising,  but  there  remains  the 
difficulty  of  being  certain  that  improving 


methods  of  diagnosis  and  counting  have  not  been 
largely  responsible  for  this  rise.  Mortality  rates 
from  skin  tumors  are  approximately  stable  in 
both  the  United  States  white  population  and  in 
Canada.  However,  investigation  of  these  rates  in 
both  countries  shows  that  the  mortality  from 
melanomas  is  rising  rapidly,  while  that  from 
other  skin  cancers  is  declining.  Furthermore,  the 
death  rates  are  rising  in  the  younger  age  groups, 
and  declining  in  the  elderly.  The  reasonable 
explanation  of  these  changes  is  that  improve- 
ments in  medical  care  (earlier  diagnosis,  better 
surgery,  and  radiotherapy)  are  reducing  the 
mortality  from  the  squamous-cell  carcinomas 
(better  definition  of  cause  of  death  may  also  play 
a part),  while  the  improvements  in  treatment  are 
failing  to  keep  pace  with  the  rising  incidence  of 
melanomas.  The  changes  in  the  age  distribution 
of  the  deaths  support  this,  as  the  average 
melanoma  patient  is  much  younger  than  the 
patient  with  a squamous-cell  tumor.  Thus,  if  we 
are  to  make  projections  into  the  future,  we 
should  estimate  the  incidence  of  human  skin 
tumors  in  terms  of  the  levels  likely  to  be  reached 
by  the  continuation  of  present  trends  (which  of 
course  are  based  on  human  behavior,  which  is 
changeable). 


Finally,  it  must  be  clearly  pointed  out  that 
all  estimates  concerning  effects  of  stratospheric 
ozone  depletion  on  the  incidence  of  skin  cancer 
in  man  represent  conditions  which  could  be 
expected  to  exist  after  a new  steady  state  of  both 
UV  radiation  and  skin-cancer  incidence  have 
been  reached.  Since  it  is  assumed  that  the 
development  of  skin  cancer  is  related  to  accumu- 
lated lifetime  UV  dose,  a new  steady  state  in 
skin-cancer  incidence  for  a population  will  not  be 
reached  until  all  members  of  that  population 
have  been  exposed  to  the  new  level  of  increased 
UV  over  a considerable  part  of  their  lifetime. 
Cutchis  (1975)  has  estimated  the  manner  in 
which  skin-cancer  incidence  may  be  expected  to 
build  up  from  an  initial  to  a new  equilibrium 
rate.  Assuming  a sudden  increase  in  UVB,  Cut- 
chis shows  that  one-quarter  of  the  expected 
increase  in  skin-cancer  incidence  would  develop 
about  10  years  after  such  an  event,  and  that  if 
the  UVB  irradiance  were  returned  to  its  original 
level  at  this  time  it  would  take  about  60  years  for 
the  skin-cancer  incidence  to  return  to  its  baseline 
level.  Since  UVB  changes  are  not  likely  to  occur 
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suddenly,  there  will  be  time  in  which  to  carry 
out  pertinent  experiments  which  should  allow 
considerably  more  accurate  estimates  of  poten- 
tial risks  to  man  to  be  made. 
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POTENTIAL  EFFECTS  ON  AQUATIC  ECOSYSTEMS  OF 
INCREASED  UV-B  RADIATION 
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ABSTRACT:  Solar  UV-B  even  at  current  irradiance  levels  can  kill  or  detrimentally  affect  a wide 
variety  of  aquatic  organisms,  e.g.,  bacteria,  algae,  protozoans,  small  invertebrates,  and  vertebrates 
(early  developmental  stages).  Populations  of  organisms  survive  because  they  have  evolved  a variety 
of  mechanisms  for  coping  with  solar  ultraviolet  radiation.  Increased  UV-B  may  have  effects  on  natural 
ecosystems  by  overwhelming  these  mechanisms.  For  example,  studies  with  a model  unicellular  alga, 
Chlamydomonas , indicate  that  the  total  dose  that  these  organisms  can  tolerate  without  significant 
mortality  is  much  less  at  increased  dose-rates.  The  dose-rate  effect  may  involve  UV  damage  to  repair 
systems. 


As  an  approach  to  a first-approximation 
assessment  of  the  impact  of  an  increase  in  UV  on 
aquatic  ecosystems,  I and  my  colleagues, 
H.  Van  Dyke  and  B.E.  Thomson  at  Oregon  State 
University  and  John  Calkins  at  the  University  of 
Kentucky,  have  exposed  a wide  variety  of  orga- 
nisms to  simulated  solar  UV-B  radiation  (290  nm 
- 315  nm).  We  initially  proceeded  on  the  assump- 
tion that  if  we  did  not  obtain  a detrimental 
effect  from  UV-B  at  irradiance  levels  expected 
for  up  to  a 50%  reduction  in  the  stratospheric 
ozone  layer,  then  there  would  be  a low  proba- 
bility that  any  increase  in  UV-B  resulting  from 
a smaller  ozone  decrease  would  have  a biospheric 
impact.  It  soon  became  apparent,  however,  that 
solar  UV-B  at  present  irradiance  levels  can  kill 
a wide  variety  of  aquatic  organisms  with  just  a 
few  hours’  exposure. 

Figure  1 shows  a representative  sampling  of 
dosage-mortality  curves  from  a survey  of  basic 
sensitivities  of  freshwater  algae  (McKnight  and 
Nachtwey,  1975).  The  algae  were  exposed  on 
agar  plates  to  simulated  solar  UV-B  from 
Kodacel-filtered  FS-20  fluorescent  sunlamps  (see 
Sisson  and  Caldwell  (1975)  for  the  spectral 
output  of  this  lamp/filter  combination).  The 
plates  were  then  incubated  in  alternating  1 2-hour 
periods  of  light  and  of  dark,  and  scored  for 
mortality  after  three  to  five  days  by  counting  live 
colonies  and  dead  cells. 


DOSE  (SU) 


Figure  1.  Mortality  curves  for  various  algae.  The 
dose  is  expressed  in  sunburn  units  (SU). 

From  curves  such  as  those  in  Figure  1,  the 
doses  that  are  lethal  to  50%  (LD50)  or  to  90% 
(LD90)  of  the  population  can  be  interpolated. 
The  doses  are  expressed  in  terms  of  sunburn 
units  (SU)',  a relatively  arbitrary  unit  which 
represents  400  counts  on  a Robertson-Berger 
sunburning-ultraviolet  meter  (Berger  et  al., 
1975).  For  our  purposes  it  will  probably  suffice 
to  point  out  that  1 SU  is,  on  average,  the  amount 
of  solar  radiation  required  to  produce  a mini- 
mally perceptible  sunburn  on  untanned  Cauca- 
sian skin.  For  the  sake  of  further  reference, 
consider  that  in  Corvallis,  Oregon  (latitude 


•Dr.  Nachtwey  is  now  with  the  Experiment  Definition  and  Special  Projects  Branch  of  the  NASA  Johnson  Space  Center  in 
Houston. 
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Table  2.  Lethal  Responses  of  Bacteria,  Veast, 
Protozoans,  and  Invertebrates 


44°4l'N)  in  June  the  peak  dose-rate  at  solar 
noon  is  about  3 SU  h"1  and  the  total  dose  for  a 
summer  day  is  about  20  SU.  The  LDS0  and 
LD9q  values  for  the  algae  tested  so  far  are  ranked 
in  increasing  order  in  Table  1.  Table  2 gives 
LDS0  data  for  a variety  of  other  aquatic  orga- 
nisms. These  latter  data  were  interpolated  from 
the  graphically  presented  results  of  Calkins 
(1975b).  Inspection  of  the  data  reveals  a wide 
range  in  LD50  values,  and  shows  that  the  LDS0 
for  most  of  the  organisms  falls  below  6 SU. 
This  dose  is  what  one  would  obtain  in  about  2 
hours  around  noon  at  mid-latitudes  on  a clear 
day  in  the  summertime.  The  highest  LDS0, 
1 2 SU,  is  still  less  than  a day’s  dose  in  June  in 
Corvallis. 

Table  1.  Basic  Sensitivities  of  Various  Algae 

^r>90 

Designation*  (SU)  (SU) 


Filamentous  Algae  (Genus) 


FBG-1 

(Schizothrix) 

1 

2.5 

FG-6 

( Stichococcus ) 

1.4 

3.2 

FG-1 

( Stigeoclonium ) 

3.0 

= 11 

FG-5 

(Stigeoclonium) 

3.7 

4.9 

FG-2 

( Stigeoclonium ) 

4.8 

8.0 

FG-3 

(Tribonema) 

4.8 

8.0 

D-6 

(Skeletonema) 

5.7 

7.6 

FG-4 

( Zygnema ) 

12.0 

20.8 

Unicellular 

Algae  (Genus) 

D-5 

( Navicula ) 

1.8 

3.7 

D-l 

( Navicula ) 

2.6 

4.5 

D-2 

(Navicula) 

3.1 

5.9 

FL-1 

(Scenedesmus?) 

3.2 

5.9 

Chlamydomonas  reinhardi 

3.2 

4.8 

BG-1 

(unknown  blue-green) 

3.2 

5.4 

D-4 

( Navicula ) 

3.6 

6.0 

D-3 

(Navicula) 

3.8 

6.0 

DES-1 

(A  nkistrodesmus) 

7.0 

9.3 

•FBG  = Filamentous  Blue-Green 
FG  = Filamentous  Green 
D = Diatom 
FL  = Flagellate 
BG  = Blue-Green 
DES  = Desmid 

The  mean  LDS0  for  both  sets  of  data  is  3.8 
(±  a standard  deviation  of  3.1)  SU;  the  median  is 
2.4  SU,  with  85%  of  the  organisms  tested  having 
an  LDjq  below  7 SU.  Thus,  for  a large  number 


Nominal  LDS0* 


Organism  or  Genus  (SU) 


Bacterium  A =0.2 

B =0.2 

C =0.4 

D =0.5 

E =0.8 

F 1.0 

G 9.5 

H =0.1 

1 =0.2 

J =0.5 

K =0.7 

L 1.8 

M 0.2 

N 0.3 

O 0.6 

P =12 

Q 0.2 

R 0.6 

S 1 

T =12 

Shigella  7 

Pseudomonas  6 

Aeromonas  2.4 

Shigella  0.4 

Coryneform  bacteria  0.4 

Yeast  1 

Cyclidium  6.5 

Tetrahymena  (Texas  S-l  2 strain)  7.6 

Tetrahymena  (Kentucky  S-30)  6.4 

Paramecium  4 

Paramecium  4 

Vorticella  3 

Roundworm  4.8 

Flatworm  =4 

Large  rotifer  0.8 

Cypris  5.5 

Daphnia  3.3 

Cyclops  2.6 

Aedes  aegypti  3.0 


•Interpolated  from  graphs  in  Calkins  (1975b). 

of  organisms,  less  than  two  hours’  exposure  to 
solar  UV-B  at  irradiance  levels  currently  found  in 
the  mid-latitudes  can  kill  a significant  fraction  of 
a population. 

The  organisms  discussed  above  were  irradi- 
ated as  a single  layer  of  cells  on  agar  and  not 
allowed  to  avoid  the  irradiation,  so  the  results 
reflect  the  basic  sensitivity  or  the  basic  tolerance 
of  the  organisms.  The  basic  tolerance  is  the  result 
of  several  factors: 
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Screening  of  the  sensitive  target  mole- 
cules by  radiation-absorbing  non- 
essential  molecules.  In  the  case  of  algae, 
there  is  some  absorption  of  UV-B 
photons  by  cell  wall  material,  chloro- 
phyll and  other  pigments,  proteins,  and 
ribonucleic  acid  (RNA).  Absorption  of 
photons  by  these  molecules  may  lead  to 
damage  of  the  molecule,  but  for  the 
most  part  damaged  molecules  of  these 
kinds  are  present  in  large  numbers  in  the 
cell  and  are  replaceable,  so  they  are  not 
likely  to  be  essential.  Photons  absorbed 
by  these  substances  do  not  reach  the 
presumed  critical  target  molecule,  DNA 
(deoxyribonucleic  acid),  the  carrier  of 
genetic  information  in  the  cell.  DNA 
damaged  by  absorption  of  photons  can 
be  lethal  to  the  cell. 

Repair  of  UV-damaged  DNA.  Even 
though  some  photons  get  through  the 
screen  and  are  absorbed  and  damage 
DNA,  almost  all  cells  have  enzymatic 
mechanisms  for  repairing  damaged  por- 
tions of  DNA.  At  least  three  repair 
mechanisms  are  recognized:  photo- 
reactivation, excision-repair,  and  post- 
replication repair.  The  first  requires  an 
enzyme  and  visible  light  (violet  to 
green)  to  supply  the  energy  to  break 
apart  a bond  that  formed  after  the 
absorption  of  the  UV  photon.  This 
bond  produces  a chemical  lesion  in 
DNA,  which  is  called  a pyrimidine 
dimer.  The  second  repair  system  con- 
sists of  a cutting  away  of  the  damaged 
portion  of  one  strand  of  the  DNA 
double  helix  and  replacing  the  portion 
with  new  building  blocks  (purines  and 
pyrimidines),  using  the  remaining  strand 
as  a template.  The  third  enzyme  system 
replicates  around  the  lesions  in  DNA 
and  then  repairs  them  later,  using  un- 
damaged strands  of  the  DNA  duplex 
to  provide  the  information  for  putting 
in  the  correct  building  blocks.  The 
second  and  third  types  of  repair  systems 
are  collectively  called  dark-repair 
systems. 

Cell  division  delay,  possibly  for  repair 
time.  A prominent  feature  in  the  re- 
sponse of  almost  all  cells  to  UV  radia- 
tion is  a delay  of  cell  division.  Certain 


evidence  (Nachtwey  and  Giese,  1968; 
Hodge  and  Nachtwey,  1972)  indicates 
that  cell  division  delay  may  represent  an 
evolved  mechanism  by  which  organisms 
are  allowed  time  for  repair  of  UV- 
induced  damage  before  it  is  “fixed”  by 
cell  division  to  become  lethal, 
d.  Restriction  of  cell  division  to  night. 
Many  cell  types  are  more  sensitive  to 
the  lethal  effects  of  UV  radiation  during 
cell  division  than  at  any  other  time  in 
their  cell  cycle  (progression  from  one 
cell  division  to  the  next).  Such  extra 
sensitivity  may  result  from  damage’s 
being  “fixed”  in  some  way  before  it  can 
be  repaired.  Many  unicellular  algae  have 
evolved  a complicated  reproductive  pat- 
tern in  which  they  grow  quite  large 
during  the  day  (by  photosynthesis)  and 
then  proceed  through  a series  of  rapid 
cell  divisions  at  night  to  yield  4,  8,  16 
and  sometimes  32  cells.  This  complex 
pattern  of  reproduction  may  have 
evolved  as  a mechanism  for  coping  with 
the  increased  sensitivity  to  UV  prior  to 
and  during  cell  division  (see  Figure  2). 


HOUR  AFTER  ONSET  OF  UCHT 

Figure  2.  Survival  of  synchronized  Chlamydomonas 
reinhardi  following  UV-B  irradiation  at 
various  times  late  in  the  generation  cycle. 
Cells  were  synchronized  and  maintained 
under  a 12-hours-light/12-hours-dark  re- 
gime. Under  these  conditions,  cells 
divide  two  (and  sometimes  three)  times  in 
rapid  succession  during  the  13th  to  the 
15th  hours  after  the  onset  of  light.  The 
dashed  curves  represent  the  cumulative 
percentage  of  control  cells  that  had 
divided  once  (1st  DIV)  or  twice  (2nd  DIV) 
by  the  times  indicated  on  the  abscissa. 
Experimental  cells  were  irradiated  with  4 
SU  from  Kodacel-filtered  FS-20  sunlamps. 
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At  the  third  CIAP  conference  Calkins  (1974) 
pointed  out  that  reproduction  by  survivors  could 
replace  organisms  killed  by  UV-B.  As  long  as  the 
dose  of  UV-B  does  not  exceed  a certain  “replace- 
ment limiting  dose”  (RLD)  for  each  species  of 
organism,  then,  according  to  his  model,  popula- 
tions could  survive.  The  computation  of  the  RLD 
accounts  for  division  delay  as  well  as  reproduc- 
tive death.  The  RLD’s  for  bacteria,  protozoans, 
and  small  invertebrates  range  from  approxi- 
mately 1.25  to  12  SU. 

Even  when  all  of  the  above  mechanisms  for 
coping  with  UV-B  are  operating,  the  basic  sensi- 
tivities or  RLD’s  are  still  such  that  a couple  of 
hours  of  direct  solar  UV-B  can  kill  most  of  a 
population  of  unicellular  organisms.  Yet  popula- 
tions of  organisms  survive  in  nature.  They  must 
therefore  rely  on  additional  means  to  cope  with 
UV-B. 

The  most  important  is  avoidance.  Some 
organisms  hide  during  the  day  and  are  active  only 
at  night.  The  large  populations  of  zooplankton 
that  constitute  the  sonic  scattering  layer(s) 
remain  in  the  darker  depths  of  the  ocean  during 
the  day  and  rise  to  the  surface  at  dusk  to  feed. 
(This  movement  may  not  represent  only  an 
escape  from  ultraviolet  radiation,  however;  it 
may  also  be  a mechanism  for  avoiding  predators. 
If  it  were  merely  an  escape  from  UV-B,  the 
organisms  would  not  need  to  move  the  hundred 
or  more  meters  that  they  do.)  Natural  waters 
attenuate  the  UV-B  more  than  visible  light;  UV-B 
is  attenuated  to  a greater  or  lesser  extent 
depending  upon  what  is  dissolved  or  suspended 
in  the  water  (Zaneveld,  1975).  Calkins  (1975a) 
has  made  measurements  in  a wide  variety  of' 
waters  with  a submerged  Robertson-Berger 
meter.  Table  3 is  adapted  from  his  data.  It  may 
be  seen  that,  in  all  but  two  cases,  UV-B  is 
reduced  to  half  of  the  surface  irradiance  by  less 
than  60  cm  of  lake  or  ocean  water  (the  two 
exceptions  were  for  particularly  clear  waters  off 
the  coast  of  Puerto  Rico).  Note  also  that  in  some 
cases  UV-B  is  halved  by  less  than  10  cm. 

Phytoplankton,  of  course,  need  light  for 
photosynthesis,  and  so  must  remain  nearer  the 
surface  than  zooplankton.  But  phytoplankton 
probably  use  the  attenuation  of  natural  waters  to 
some  extent  to  avoid  UV-B.  Many  mobile  phyto- 
plankton show  a well-developed  behavioral 
response  to  light:  they  swim  toward  a low-to- 
moderate-intensity  light  source  (positive  photo- 
taxis) and  away  from  a high-intensity  light  source 


Table  3.  UV-B  Transmission  Characteristics  of 
Various  Waters* 


Transmission  Z50** 

Site  and  Station  Per  Meter  (%)  (cm) 

Puerto  Rico 

C 85  436 

I 77  271 

E 26  51 

A 0.6  13 

Lake  Huron 

C 30  57 

B 29  57 

A 28  54 

Lake  Superior 

C 29  56 

B 24  49 

A 21  45 

D 6X  10‘3  7 

Delaware  Bay 

D 26  51 

B 22  46 

E 19  42 

C 16  37 

A 10  30 

Lake  Michigan 

B 26  51 

C 21  45 

D 21  45 

A 19  41 

Lake  Erie 

D 10  30 

B 8 27 

C 8 28 

E 8 27 

F 3 19 

Chesapeake  Bay 

C 4 21 

D 3 20 

E 3 19 

Patuxent  River 

F 3 20 

G 3 19 

B 2 18 

I 2 18 

A 2 17 

H 1 16 

J 1X10'2  7.5 

Douglass  Lake  (MI) 

A 9X 10'4  6 

B 6X  10‘4  6 


•Measured  with  Robertson-Berger  meter  (Calkins, 
1975a) 

••Depth  at  which  surface  intensity  reduced  to  half 
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(negative  phototaxis),  thus  exposing  themselves 
to  solar  UV-B  at  a lower  dose-rate.  Even  so,  since 
the  daily  dose  of  biologically  effective  UV-B 
received  at  the  water’s  surface  is,  for  a number  of 
organisms,  many  times  the  LD50,  it  is  still 
possible  that  UV-B  will  kill  organisms  at  depths 
where  they  receive  a much  reduced  dose-rate. 
For  example,  in  cases  where  the  total  daily  dose 
at  the  surface  is  10  times  the  LD50,  the 
organisms  would  still  be  killed  at  depths  where 
the  dose-rate  is  10%  of  the  surface  dose-rate, 
provided  that  reciprocity  of  exposure  duration 
and  dose-rate  holds.  Reciprocity,  however,  does 
not  necessarily  hold  in  all  cases;  it  is  possible  that 
repair  and  replacement  processes  can  keep  pace 
with  damage  processes  when  the  damage  is 
produced  slowly  enough,  so  there  may  be  some 
threshold  dose-rate  below  which  killing  is  not 
induced.  This  possibility  was  examined  with  a 
model  system,  the  unicellular  organism 
Chlamydomonas  reinhardi.  It  was  found  that 
reciprocity  fails. 

Figure  3 shows  the  survival  of  Chlamyd- 
omonas as  a function  of  dose  of  UV-B  admin- 
istered at  a variety  of  dose-rates.  Figure  4 shows 
the  LDjq’s  and  LD90’s,  interpolated  from  the 
curves  in  Figure  3,  as  a function  of  dose-rate.  A 
strong  dose-rate  dependency  may  be  noted;  if 
reciprocity  had  held,  a straight  line  parallel  to  the 
abscissa  would  have  been  obtained.  The  LD50’s 
obtained  with  varying  dose-rates  of  UV-B  show  a 
break  in  the  dose-rate  dependency  curve,  with  a 
marked  increase  in  tolerance  below  approxi- 
mately 2.5  SU  h1. 

Figure  5 shows  the  duration  of  exposure  to 
UV-B  required  to  kill  50%  and  90%  of  a 
population  of  Chlamydomonas  as  a function  of 
dose-rate  It  may  be  seen  that  halving  the  dose- 
rate  from  2 to  1 SU  h_1  results  in  more  than 
a doubling  of  the  exposure  required  to  kill  either 
50  percent  or  90  percent.  Likewise,  halving  the 
dose-rate  from  4 to  2 SU  h°  again  leads  tc 
more  than  a doubling  of  the  exposure  needed  for 
a given  mortality. 

If  we  accept  for  the  sake  of  further  analysis 
some  level  of  killing  between  50%  and  90%  as  the 
tolerance  level  at  which  a population  of 
Chlamydomonas  can  replace  itself  overnight  by 
cell  division  (see  Replacement  Limiting  Dose 
model  of  Calkins  (1975b))  and  if  we  accept  that 
organisms  will  be  subjected  to  the  maximum 
dose-rate  for  only  the  four  hours  centered 
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Figure  3.  Survival  curves  of  synchronized  Chlamy- 
domonas reinhardi  irradiated  with  UV-B 
from  Kodacel-filtered  FS-20  sunlamps  at 
various  dose-rates. 


around  geographic  noon  (Green  and  Mo,  1975), 
we  can  estimate  the  tolerance  dose-rate  for 
Chlamydomonas  as  being  a little  less  than 
2SUh'*.  According  to  Robertson  (1975),  be- 
tween about  45°  latitude  and  the  equator,  the 
maximum  surface  dose-rate  might  be  expected  to 
range  from  about  3.5  to  5 SU  h'1  at  sea  level  on 
a clear  day.  Thus,  it  is  reasonable  to  suppose  that 
organisms  must  find  that  depth  which  reduces 
the  surface  UV-B  irradiance  by  about  a half  to  be 
able  to  survive  under  present  conditions.  As  can 
be  determined  from  the  data  in  Table  3,  for  most 
natural  waters,  this  depth  would  be  less  than  a 
meter. 

It  is  also  reasonable  to  suppose  that  an 
increase  in  UV-B  such  as  that  which  might  result 
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Figure  4.  UV-B  doses  required  to  kill  50%  (LDS0) 
or  90%  (LD90)  of  samples  of  Chlamy- 
domonas  reinhardi  irradiated  at  different 
dose-rates.  The  data  points  were  inter- 
polated (or  extrapolated)  from  the  curves 
shown  in  Figure  3. 


Figure  5.  Duration  of  exposure  required  to  kill  50% 
(LDS0)  or  90%  (LD90)  of  Chlamy- 
domonas  reinhardi  when  irradiated  at  the 
dose-rate  indicated  on  the  abscissa.  The 
data  points  were  calculated  from  the 
values  shown  in  Figure  4. 

from  a depletion  of  the  ozone  layer  would  just 
drive  organisms  deeper.  However,  microscopic 
observations  show  that  organisms  swim  up  and 


down  into  and  out  of  regions  of  damaging 
high-dose-rate  UV-B.  They  also  swim  in  and  out 
of  shade  and  over  and  under  each  other  in 
clumps  of  cells.  They  are  thus  exposed  to  a 
constantly  varying  dose-rate  or  even  a frac- 
tionated or  “flashed”  dose:  Figure  6 shows  that 
flashing  of  UV-B  radiation  at  a high  dose-rate  (3 
seconds  at  3.4  SUh"1,  3 seconds  off)  produces 
the  same  biological  effect  as  administering  the 
radiation  continuously  at  half  the  dose-rate. 
Thus,  the  lethal  effectiveness  of  UV-B  at  high 
dose-rates  can  be  ameliorated  by  intermittent 
periods  of  no,  or  low-dose-rate,  exposure.  How- 
ever, how  do  organisms  “know”  when  to  swim 
into  shade  or  a low-dose-rate  region  after  they 


DOSE  (SU) 

Figure  6.  Survival  curves  for  Chlamydomonas  cells 
exposed  lo  UV-B  at  3.4  SU  h'1  (O)or  1.7 
SH  h 1 (X)  continuously  (i.e.,  unflashed) 
or  exposed  to  3.4  SU  h'1  “Dashed"  at  3 
sec  on  and  3 sec  off. 
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have  accumulated  sublethal  damage  in  a high- 
dose-rate  region?  It  seems  unlikely  that  orga- 
nisms in  some  way  sense  how  much  damage  they 
have  received  and  spend  an  appropriate  time  in 
the  shade  to  repair  it.  It  seems  more  likely  that 
their  normal  behavior  pattern  in  response  to  light 
intensity,  gravity,  02  and  C02  tension,  and 
probably  other  factors  leads  to  a tolerable 
exposure  situation. 

If  organisms  survive  current  UV-B  irradi- 
ances  as  a result  of  a complex  behavior  pattern 
that  has  evolved  over  eons  in  response  to  many 
factors,  the  key  question  for  assessment  of  the 
effect  of  an  increase  in  UV-B  irradiance  is,  will 
organisms  adapted  to  a particular  zone  of  depths 
be  able  to  move  deeper  in  response  to  a change  in 
one  of  the  factors,  UV-B?  We  don’t  know.  (Of 
course,  if  organisms  cannot  for  some  reason  alter 
the  zone  in  which  they  live,  they  would  suffer 
from  the  disproportionate  increase  of  the  killing 
effect  with  increase  of  UV.) 

Even  if  organisms  can  move  deeper  in 
response  to  an  increase  in  UV-B,  other  factors 
may  enter  into  their  ability  to  survive.  Consider 
that  various  algae  may  spend  much  of  their  time 
toward  the  surface  of  waters,  especially  on 
cloudy  days.  Consider  then  what  happens  when 
the  clouds  dissipate.  The  swimming  speed  of  an 
organism  then  becomes  a critical  factor.  For 
example,  Chlamydomonas  swims  at  6 mm  min'1 
or  36  cm  h'1 . If  it  is  at  the  surface  of  water  with 
a 50%  transmission  depth  of  60  cm  when  the 
clouds  move  away  from  a sun  emitting  at  3 
SUh'1,  and  if  it  immediately  starts  swimming 
down,  it  can  reach  a tolerable  level  of  2 SU  h'1  at 
32  cm  in  a little  less  than  an  hour.  It  will  have 
been  exposed  during  its  trip  to  an  average  dose- 
rate  of  2.5  SU  h'1,  but  will  not  have  accumulated 
a lethal  dose.  (It  will  have  accumulated  some 
sublethal  dose,  which  it  may  need  to  compensate 
for  by  going  down  further.  However,  can  cells 
“know”  the  dose-rate-weighted  dose  they  have 
received?)  To  simplify  matters,  let  us  assume  that 
if  a cell  reaches  a 2 SU  h'*  region  before 
accumulating  a lethal  dose  it  is  “safe.”  Let  us 
also  assume  that  the  lethal  dose  (LD50)  is  the 
one  for  the  average  dose-rate  iu  which  it  is 
exposed.  In  the  scenario  just  outlined,  and  with 
the  assumptions  just  made,  the  organisms  sud- 
denly exposed  to  3 SU  h‘*  sunlight  could  be  safe. 
Presumably  the  organisms  in  such  an  environ- 
ment have  evolved  by  natural  selection  to  be  able 
to  handle  such  a contingency;  certainly  it  must 


happen  frequently  in  nature.  Now  consider  a 
16%  reduction  in  ozone,  which,  according  to  an 
interpolation  of  Schulze’s  (1974)  estimates, 
increases  the  previous  3 SU  h'1  sun  to  4 SU  h'1 . 
With  the  same  scenario  and  assumptions  as 
above,  a Chlamydomonas  cell  will  accumulate  a 
lethal  dose  before  it  can  get  to  a safe  region:  It 
needs  to  reach  about  60  cm  but  it  can  only  make 
it  to  about  54  cm  in  the  time  it  takes  to 
accumulate  a lethal  dose.  Although  there  are 
gross  simplifying  assumptions  in  this  analysis, 
consideration  of  the  problems  of  avoidance  and 
the  time  it  takes  for  a unicellular  organism  to 
swim  a given  distance  indicate  that  motile  cells 
with  well-developed  phototaxic  responses  are  not 
necessarily  resistant  to  an  increase  in  solar  UV-B. 

Another  factor  that  may  enter  the  equation 
is  competition.  Under  a given  set  of  conditions  a 
certain  species  of  organism  may  predominate  in  a 
particular  ecosystem.  If  the  conditions  are 
changed  — even  slightly  — the  competitive  edge 
may  be  shifted  to  another  species,  which  can 
result  in  a shift  in  the  entire  phytoplankton  and 
zooplankton  community.  In  a recent  study  by 
Van  Dyke  and  Thomson  (1975),  simulated  solar 
UV-B  at  the  irradiance  levels  to  be  expected 
under  present  conditions  caused  a shift  in  the 
community  structure  of  a simulated  marine 
ecosystem:  there  was  a dramatic  shift  in  pre- 
dominance from  single-celled  diatoms  to  fila- 
mentous blue-green  algae.  The  consequence  of 
this  shift  is  that  even  though  productivity  may 
reach  about  the  same  level  in  the  UV-irradiated 
and  UV-deficient  cases,  the  small  zooplankton 
cannot  eat  the  large  filamentous  algae  and  the 
larger  organisms  find  blue-green  algae  less 
palatable.  Thus  a shift  in  community  structure 
can  have  consequences  that  transcend  the  initial 
effect.  It  is  similar  subtle  effects  that  we  must 
seek  out  and  analyze  in  our  assessment  of  the 
biospheric  impact  of  an  ozone  reduction. 
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Approximately  two  years  ago,  it  became 
apparent  that  a possibility  existed  that  engine 
efflut  .ts  from  aircraft  in  the  stratosphere  might 
induce  a much  larger  climatic  change  at  the 
earth’s  surface  than  had  been  anticipated.  At  that 
time  the  Department  of  Transportation’s  Cli- 
matic Impact  Assessment  Program  (CIAP) 
decided  to  quickly  enlarge  in  scope  and  effort  its 
limited  study  to  assess  the  biological  impacts  of 
climatic  change.  This  study  has  resulted  in  a 
monograph  containing  estimates  of  the  effect  of 
climate  on  food  and  fiber  production  (CIAP, 
1975),  although  in  some  instances  the  estimates 
are  admittedly  preliminary  and  incomplete.  It 
should  prove  to  be  an  excellent  source  document 
for  those  in  government  and  elsewhere  who  have 
to  make  some  value  judgments  now  concerning 
the  effect  of  climate  on  food  and  fiber  produc- 
tion and  on  natural  ecosystems. 

This  paper  will  try  to  summarize,  as  objec- 
tively as  possible,  some  of  what  over  60 
agricultural,  ecological,  and  agricultural- 
meteorological  experts  have  written  in  Part  2 of 
CIAP  Monograph  5 about  the  effect  of  climatic 
change  on  food  and  fiber  crops.  (The  effect  of 
climatic  change  on  some  natural  ecosystems  is 
also  assessed  in  the  monograph,  but  this  paper 
will  not  attempt  to  deal  with  this  topic  too.) 

METHODOLOGY 

Certain  arbitrary  assumptions  were  made 
concerning  the  nature  of  the  climatic  change  to 
be  studied  because  specific  inputs  from  scientists 


working  on  the  perturbed-atmosphere  panel 
could  not  be  made  available  soon  enough.  These 
assumptions  were: 

1 . That  the  mean  values  would  stay  within 
the  range  of  observed  natural  variations 
for  either  the  global  cooling  or  warming 
to  be  studied.  It  was  also  assumed  that 
the  variances  about  the  means  of  the  cli- 
matic elements  being  considered  would 
remain  within  the  range  of  observed 
variation,  that  the  changes  in  mean 
temperature  would  apply  equally  to 
both  the  mean  maximum  and  minimum 
temperature,  and  that  precipitation  dis- 
tribution and  variability  would  fall 
within  actual  observed  ranges. 

2.  That  of  the  many  climatic  elements 
which  affect  crop  production  and  eco- 
systems, those  of  primary  importance 
were  temperature,  precipitation  and 
solar  radiation.  In  the  case  of  these 
three  climatic  elements,  it  was  assumed 
that  for  any  climatic  change  global 
temperature  changes  would  not  exceed 
±3°C  from  present  normals,  global  pre- 
cipitation changes  would  not  depart 
more  than  ±30%  from  present  normals, 
and  that  solar  radiation  would  not  de- 
crease more  than  3%  at  the  mid-latitude 
point  at  noon.  Other  meteorological  ele- 
ments, such  as  wind,  humidity,  and  snow 
cover,  were  placed  in  a secondary  role  as 
to  both  change  and  probable  effects 
upon  agriculture.  These  elements,  at  cer- 
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tain  thresholds  and  periods,  may  have 
considerable  impact  on  agricultural  and 
natural  ecosystems  — for  example,  the 
effect  of  wind  and  humidity  on  disease 
and  insect  outbreaks,  and  the  effects  of 
snow  cover  on  winter-kill  of  small 
grains.  However,  present  climatic- 
assessment  techniques  do  not  allow 
more  than  a preliminary  qualitative 
appraisal  of  effects  such  as  these  on 
crop  production  and  ecosystems. 

3.  That  the  assessment  of  climatic  change 
be  based  on  present  technology,  man- 
agement, and  plant  cultivars.  In  other 
words,  no  attempt  was  made  to  assess 
the  possible  degree  of  substitution  of 
one  crop  for  another  in  a changing 
climate,  or  the  yield  changes  that  would 
result  with  the  substitution  of  earlier  or 
later  varieties  of  a crop  for  those  pres- 
ently grown. 

The  effects  of  climatic  change  on  production 
were  assessed  by  means  of  literature  reviews,  by 
regression  models  usually  relating  monthly  tem- 
perature and  precipitation  to  yield,  by  state-of- 
the-art  simulation  models,  and  by  studies  of  how 
historical  climatic  changes  have  affected  crop 
production  and  natural  ecosystem  boundaries. 
These  natural-ecosystem  and  historical  studies 
were  reported  at  the  Third  Conference  on  CIAP 
by  Drs.  Charles  Cooper  and  Clarence  Sakamoto, 
and  appear  in  those  Proceedings  (Cooper  et  al., 
1974;  Sakamoto,  1974). 

Analyses  in  these  studies  have  emphasized  a 
climatic  change  consisting  of  lower  global  tem- 
peratures and  precipitation  than  present  normals, 
since  this  was  the  climatic  scenario  given  to  the 
panel  members  when  the  studies  were  initiated. 
However,  about  a year  ago,  because  of  the 
uncertainties  in  the  estimates  of  aircraft-induced 
climatic  change,  the  panel  participants  were 
asked  to  enlarge  their  studies  and  deliberations  to 
include  four  combinations  of  positive  and  nega- 
tive temperature  and  precipitation  changes  about 
present-day  normals.  Although  there  is  still  more 
analysis  of,  and  material  for,  the  case  of  decreas- 
ing global  temperatures  and  precipitation,  nearly 
all  the  studies  have  made  assessments  of  the 
effects  of  climatic  change  on  productivity  for 
the  other  three  combinations. 


RESULTS  AND  DISCUSSION 

The  postulated  changes  in  temperature,  pre- 
cipitation, and  solar  radiation  will  not  only  have 
direct  effects  on  plant  growth  and  development 
throughout  the  growing  season,  but  will  affect 
other  factors  related  to  productivity,  such  as  the 
length  of  the  freeze-free  period,  soil  tempera- 
tures, evapotranspiration,  the  soil  moisture 
balance,  and  the  hydrological  balance. 

Changes  in  mean  temperature  will  have  a 
profound  effect  on  the  length  of  the  growing 
season.  Studies  in  this  monograph  used  as  a 
rule-of-thumb  the  assumption  that  a temperature 
change  of  1°C  would  cause  a change  of  approxi- 
mately ten  days  in  the  length  of  the  freeze-free 
period.  However,  a study  just  completed  by 
Bollman  and  Hellyer  (1974)  indicated  that  the 
change  in  the  length  of  a freeze-free  period  as  the 
result  of  a change  of  mean  temperature  depended 
on  the  initial  duration  of  the  freeze-free  period. 
Their  calculations  for  the  spring-wheat  area  of 
Canada  showed  that  a 1°C  cooling  of  mean 
temperature  would  shorten  an  80-day  freeze-free 
period  on  the  order  of  20  days,  and  a 1 20-1 30 
day  freeze-free  period  by  about  six  days.  Such 
changes  would  have  pronounced  effects  on 
cropping  patterns  and  choice  of  cultivars  in  areas 
of  the  world  where  crop  production  is  now  a 
marginal  enterprise,  as  will  be  discussed  later. 

Soil  temperatures  are  determined  largely  by 
ambient  temperatures,  solar  radiation,  and  pre- 
cipitation, and  to  a lesser  extent  wind.  The 
greatest  impacts  of  soil-temperature  changes  on 
agriculture  would  be  seen  at  the  ends  of  the 
growing  season,  insofar  as  soil  temperature 
relates  to  soil  thawing  and  freezing,  germination 
of  seeds,  and  the  depth  of  soil  freezing. 

Two  other  factors  figure  prominently  in  the 
assessment  of  the  effect  of  climatic  change  on 
productivity.  They  are  the  soil  water  balance 
and  the  overall  hydrological  balance.  Both  are 
strongly  affected  by  precipitation  and  the  actual 
evapotranspiration,  that  is,  the  loss  of  water  from 
both  plant  and  soil. 

Actual  evapotranspiration  for  most  of  the 
earth’s  surface  would  be  affected  less  by  climatic 
change  than  projected,  because  most  surfaces  are 
not  sufficiently  wet  to  evaporate  fully  all  year. 
The  amount  of  time  during  a year  that  agricul- 
tural areas  can  be  considered  as  freely  evapo- 
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rating  surfaces  will  depend  on  the  frequency  and 
amount  of  precipitation,  the  type  and  density  of 
plant  cover,  the  extent  of  sub-freezing  tempera- 
tures, and  the  water-holding  capacity  in  the  soil 
root  zone.  Because  the  soil,  plant,  and  climatic 
factors  influencing  evapotranspiration  are  not 
independent,  it  is  difficult  to  draw  a general 
conclusion  about  how  climate  changes  would 
affect  evapotranspiration. 

As  a specific  example  of  how  a soil  water 
balance  might  be  influenced  by  a climatic 
change,  a tested  soil  water-balance  model 
developed  by  Richardson  and  Ritchie  (1973)  was 
used  to  calculate  daily  soil  water-balance  changes 
over  a three-year  period  for  a Riesel,  Texas 
location.  The  soil  water  balance  was  computed 
for  a crop  rotation  characteristic  of  that  area: 
grain  sorghum,  oats,  and  cotton,  with  fallow 
between  the  growing  seasons  (Ritchie  and 
Holton,  1975).  Climatic  change  was  simulated  by 
changing  the  original  daily  observations.  Tem- 
peratures were  lowered  by  1°C,  precipitation  by 
5%,  and  solar  radiation  by  2.5%.  The  calculations 
showed  that  the  water  balance  resulting  from  the 
simulated  climatic  change  was  essentially  similar 
to  the  original  calculated  water  balance.  This 
similarity  indicated  that  at  this  location  over  the 
three-year  period  the  reductions  in  rainfall  were 
largely  offset  by  reduced  evapotranspiration.  The 
mode!  simulation  verified  earlier  conclusions  in 
the  study,  based  on  empirical  and  theoretical 
relationships,  that  reduction  in  evapotranspira- 
tion because  of  lower  temperatures  would  tend 
to  offset  reductions  of  precipitation  resulting  in 
little  change  in  the  soil  water  balance  and, 
therefore,  little  change  in  drought  conditions. 
However,  the  model  calculations  showed  that 
drainage  of  soil  water  through  the  root  zone 
would  be  decreased  rather  drastically  in  years 
with  below-average  precipitation,  but  would  be 
changed  little  in  years  with  above-normal  pre- 
cipitation. This  result  could  bode  serious  con- 
sequences if  the  climatic  change  persisted  for  a 
number  of  years,  since  drainage  of  water  through 
the  root  zone  in  agricultural  areas  is  the  major 
source  of  ground-water  recharge. 

The  hydrological  implications  of  climatic 
change  were  studied  with  a Department  of 
Agriculture  watershed  hydrology  model  reported 
by  Holton  and  Lopez  (1973).  The  model  was  run 
for  four  watersheds  representing  several  rather 
dissimilar  climatic  regimes.  The  watersheds  were 


located  at  Coshocton,  Ohio;  Upper  Taylor  Creek, 
Florida;  Bush  Creek,  Riesel,  Texas;  and  Hastings, 
Nebraska.  The  model  was  run  for  five  years  for 
the  Florida  watershed  and  for  eight  years  at  the 
other  three  locations.  Climatic  conditions  used 
were  ten  combinations  of  ±2°C  temperature, 
±15%  and  ±30%  precipitation,  and  ±1%  solar 
radiation. 

The  model  results  indicated  that  changes  in 
temperature  had  little  effect  on  runoff  from  the 
watersheds  (Ritchie  and  Holton,  1975).  Analysis 
of  the  runoff  response  showed  that  runoff  from 
all  the  watersheds  was  for  practical  purposes 
essentially  linear  with  precipitation  changes.  In 
the  Coshocton,  Riesel,  and  Hastings  watersheds 
runoff  measured  in  inches  increased  by  about  a 
factor  of  four  when  precipitation  was  increased 
from  30%  below  normal  to  30%  above  normal. 
The  agricultural  implications  are  obvious  in  areas 
where  runoff  water  is  directed  into  stock  ponds 
or  impounded  for  later  use  in  irrigation. 

Let  us  now  turn  our  attention  to  the  effects 
of  climatic  change  on  specific  crops,  beginning 
with  rice.  The  major  climatic  impact  of  any 
temperature  change  on  world  rice  production 
would  be  on  length  of  growing  season,  which 
determines  the  geographical  areas  in  which  rice 
can  be  grown  (Stansel  and  Huke,  1975).  The 
growing  season  begins  and  ends  when  mean 
temperatures  move  across  15°C.  Temperature 
change  would  have  only  a minor  influence  on 
yield  within  the  major  rice-producing  areas.  In 
non-tropical  areas,  however,  where  temperature 
is  limiting,  not  only  would  the  growing  season  be 
shortened,  but  plant  growth  and  development 
would  also  be  slowed.  For  instance,  a 1°C 
temperature  decrease  would  lengthen  the  time 
required  to  grow  a crop  from  seven  to  eleven 
days,  while  at  the  same  time  shortening  the 
growing  season  by  about  ten  days.  This  dual 
effect  would  cause  serious  production  problems 
where  present  cultivars  are  pushing  the  limits  of 
the  growing  season. 

Increases  in  mean  temperatures  would  gen- 
erally increase  the  areas  where  rice  could  be 
grown,  thereby  increasing  world  production. 
More  significantly,  however,  higher  temperatures 
may  allow  multiple  cropping  in  the  vast  rice  areas 
of  the  intermediate  latitudes.  The  longer  growing 
season  would  also  allow  more  flexibility  in 
planting  time,  resulting  in  better  use  of  climatic 
conditions,  mainly  solar  radiation.  However,  this 


JENSEN 


would  be  offset  by  some  decrease  in  yields  of 
rice  grown  in  the  tropics,  due  to  the  higher 
temperatures. 

Each  type  of  rice  culture  is  influenced  to 
varying  degrees  by  changes  in  precipitation. 
Production  of  both  rainfed  upland  and  rainfed 
lowland  cultures  would  be  directly  correlated 
with  precipitation  change,  though  to  different 
levels.  Deep-water  culture  is  negatively  correlated 
with  precipitation  change,  because  depth  of 
flood  water  has  an  inverse  influence  on  the 
production  of  floating  rice. 

Irrigated  cultural  systems,  being  controlled, 
would  be  influenced  less  by  precipitation  change 
than  other  cultures.  However,  the  amounts  of 
water  available  for  irrigation  would  be  influenced 
by  precipitation. 

Precipitation  changes  would  probably  result 
in  solar-radiation  changes.  In  irrigated  cultures  or 
where  water  was  not  limiting,  an  increase  in  solar 
radiation  due  to  decreased  precipitation  would 
increase  yields.  Studies  have  shown  a 1%  change 
in  available  solar  energy  in  the  plant  community 
would  increase  production  1 .4%,  if  other  factors 
were  not  limiting.  Assuming  that  a 1%  change  in 
precipitation  would  result  in  at  least  a 0.5% 
change  in  solar  energy  reaching  the  earth’s 
surface,  the  magnitude  of  the  potential  yield 
change  due  to  increased  radiation  could  be  large. 
In  rainfed  upland,  rainfed  lowland,  and  deep- 
water cultures,  changes  in  solar  energy  would  not 
have  a large  influence  on  yield  because  other 
factors  are  limiting. 

The  influences  of  temperature  change  and 
precipitation  change  on  world  rice  production 
appear  to  be  additive.  Table  1 summarizes  the 
effects  of  several  combinations  of  temperature 
and  precipitation  change  on  world  rice  pro- 
duction. In  general,  the  main  effects  of  precipita- 
tion are  a decrease  in  yields  with  decreasing 
precipitation,  and  an  increase  in  yields  with 
increasing  precipitation.  The  main  effects  of 
temperature  are  that  mean  temperature  decreases 
greater  than  0.5°C  would  result  in  decreased 
yields.  The  most  favorable  combination  for 
world  rice  yields  would  be  increased  pre- 
cipitation and  higher  temperatures. 

Stansel  and  Huke  (1975)  also  investigated 
the  effect  of  climatic  change  on  United  States 
rice  production.  They  concluded  that  with  no 
change  in  present  cultivars  and  management 
practices,  and  with  2°C  reduction  in  mean 


Table  1.  Deviation  from  World  Rice  Production  Base 
(300  million  metric  tons)  for  Various 
Temperature  and  Precipitation  Changes,  in 
Percent  (after  Stansel  and  Huke,  1975) 
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temperature  and  a 15%  increase  in  precipitation, 
the  United  States  rice  industry  as  we  know  it 
today  could  not  exist-  There  would  be  no  rice 
industry  in  California,  and  if  the  industry 
survived  in  Arkansas,  production  would  be  cut 
50%.  Rice  production  could  survive  in  Texas  and 
Louisiana,  but  yields  would  be  reduced  by  20%. 
Each  of  the  four  states  now  produces  approxi- 
mately 25%  of  the  United  States  rice  crop. 

Stansel  and  Huke  also  looked  at  the  effect  of 
the  same  climatic  change,  also  occurring  in  the 
United  States  in  1990,  but  under  the  assumption 
that  new  programs  dealing  with  the  effects  of 
climatic  change  would  be  established.  These 
estimated  agronomic  yield  factors  are  given  in 
Table  2. 

Table  2.  Deviation  from  U.S.  Average  Rice  Production 
(5  million  metric  tons)  for  Various 
Temperature  and  Precipitation  Changes  by 
1990  (after  Stansel  and  Huke,  1975). 
Development  of  Early  Season  Assumed 
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A climatic  change  of  a 2°C  reduction  in 
mean  temperature  accompanied  by  a 15% 
increase  in  precipitation  could  reduce  yields  by 
18%  even  with  cultivars  adapted  to  cool  tempera- 
ture conditions.  A significant  research  break- 
through like  increasing  the  photosynthetic 
efficiency  of  rice  cultivars  could  easily  overcome 
this  yield  depression. 

Ramirez,  Sakamoto,  and  Jensen  (1975) 
investigated  the  potential  effects  of  temperature 
and  precipitation  changes  on  wheat  yields  for  the 
Great  Plains  and  midwestem  states  in  the  United 
States,  as  well  as  for  leading  non-domestic 
wheat-producing  areas  of  the  world,  including 
China,  Europe,  Canada,  the  USSR,  and  Argen- 
tina. Multiple-regression  models  were  used,  to 
analyze  the  climatic  effects  for  most  of  these 
areas.  In  the  cases  of  China  and  Europe,  a 
historical  approach  rather  than  a statistical 
approach  was  used  to  study  the  effects  of 
climatic  change  on  wheat  production;  the  results 
were  reported  by  Dr.  Sakamoto  at  last  year’s 
meeting  (Sakamoto,  1974). 

It  was  clear  from  that  study  that  the 
response  of  wheat  yield  to  changes  in  tempera- 
ture and/or  precipitation  depended  on  the 
prevailing  climate  of  a particular  region.  For 
example,  in  the  case  of  the  Plains  and  mid- 
western  states,  it  was  found  that  precipitation 
increases  of  10  to  30%  could  increase  wheat  yield 
from  about  one  to  four  bushels  per  acre  in  the 
semi-arid  area  of  the  Great  Plains  (which  includes 
North  Dakota,  South  Dakota,  Kansas  and 
Oklahoma).  On  the  other  hand,  in  Illinois  and 
Indiana,  where  precipitation  is  much  higher,  a 10 
to  30%  increase  in  precipitation  decreased  wheat 
yield  by  one  to  four  bushels  per  acre.  When 
temperature  and  precipitation  changes  were 
simulated  simultaneously  in  the  statistical 
models,  maximum  yields  were  achieved  in  the 
relatively  drier  Great  Plains  areas  when  decreased 
temperature  was  coupled  with  increased  precipi- 
tation. In  the  wetter  areas,  such  as  Illinois  and 
Indiana,  maximum  yields  were  achieved  when 
temperature  decrease  was  coupled  with  precipi- 
tation decrease.  Yield  increases  with  these  com- 
binations of  temperature  and  precipitation 
ranged  as  high  as  over  Five  bushels  per  acre. 
Increases  or  decreases  in  yield  responses  also 
varied  for  different  areas  within  a state.  An 
excellent  example  was  in  North  Dakota,  where 
increases  in  precipitation  produced  small  re- 


ductions in  yield  in  the  wetter  Red  River  Valley, 
while  large  increases  in  yield  occurred  elsewhere 
in  the  state. 

In  the  USSR,  eight  combinations  of  tem- 
perature and  precipitation  change,  over  the 
temperature  range  of  -1  to  +1°C  and  over  the 
precipitation  range  of  -10  to  +10%,  were  criti- 
cally analyzed  for  yield  responses  in  27  regions. 
The  most  favorable  overall  response,  according  to 
the  models,  was  associated  with  a cooling  of  1°C 
coupled  with  a 10%  precipitation  increase.  This 
combination  would  increase  yield  more  than  20% 
in  the  major  USSR  wheat-production  regions. 
The  most  deleterious  effect  on  Russian  wheat 
yield  was  associated  with  a 1°C  temperature 
increase  and  a precipitation  decrease  of  10%.  In 
this  case  yields  could  decrease  as  much  as  20%  in 
the  Russian  breadbasket,  with  even  larger  de- 
creases in  the  drier  regions  such  as  Kazakh. 

As  a cautionary  note,  it  should  be  pointed 
out  that  the  effects  of  climatic  change  on 
Russian  wheat  yields  are  based  on  multiple- 
regression  equations  developed  with  only  10 
years  of  climatic  and  yield  data.  However,  the 
responses  of  the  USSR  yields  to  certain  com- 
binations of  temperature  and  precipitation  were 
much  like  those  in  the  United  States  where  soils 
and  climate  are  similar. 

In  Argentina,  wheat  production  would  be 
favored  by  cooler  temperatures.  A 1°C  tempera- 
ture decrease  would  increase  yield  from  about  3 
to  7.5%.  Yield  responses  to  change  in  rainfall 
were  much  less  than  responses  to  change  in 
temperature,  except  in  the  warm,  wet  province 
of  Entre  Rios  located  in  northeast  Argentina.  In 
this  province  a 10%  decrease  in  rainfall  would 
boost  yields  by  28%,  and  if  coupled  with  a 1°C 
cooling  would  increase  yields  35%. 

The  effect  of  climatic  change  on  corn 
production  in  the  corn  belt  of  the  United  States 
was  investigated  by  means  of  statistical  models 
and  state-of-the-art  physiological  models  (Benci 
et  al.,  1975).  A statistically  based  crop/weather/ 
soil-moisture  model  developed  by  Leeper,  Runge, 
and  Walker  (1974)  was  used  to  perform  the  most 
extensive  analysis  for  CIAP  on  climate  and  corn 
relationships.  Working  from  the  average  long- 
term (1901-1969)  “com  belt”  weather,  they 
found  that  corn  yield  would  change  approxi- 
mately 11.3%  for  each  1°C  change  in  average 
maximum  temperatures  and  about  1 .5%  for  each 
10%  change  in  precipitation.  Other  parametric 
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combinations  of  climatic  changes  and  the  associ- 
ated yield  responses  are  shown  in  Table  3.  In 
general,  according  to  this  model,  cooler  and 
wetter  conditions  will  increase  corn  yields,  and 
warmer  and  drier  conditions  will  decrease  them. 

Table  3.  Estimated  Percent  Change  in  Com  Yield  as  a 
Result  of  Changes  in  Temperature  and 
Precipitation  (after  Benci  et  al.,  1975) 

Temperature  Change  in  Precipitation  (%  of  Normal*) 
Change 


(°C) 

-20% 

-10% 

0_ 

+ 10% 

+20% 

-2° 

19.8 

213 

22.7 

24.2 

25.6 

-1.0 

8.4 

9.8 

11.3 

12.8 

14.2 

0 

-2.9 

-1.5 

0 

1.5 

2.9 

+ 1.0 

-14.2 

-12.8 

-11.3 

-9.8 

-8.4 

+2.0 

-25.6 

-24.2 

-22.7 

-21.2 

-19.8 

‘Normal  = 85  ± 16  bu/acre,  1901-72  average  for 
selected  stations  in  Missouri,  Illinois,  Indiana, 
Nebraska,  Iowa  and  Kansas,  where  65%  of  U.S.  corn 
production  is  located. 

The  effect  of  climatic  change  on  corn  yields 
was  also  estimated  using  the  multiple-regression 
equations  described  by  Dr.  L.M.  Thompson 
(1969),  with  the  coefficients  updated  through 
1972.  These  estimates  and  those  from  the  Leeper 
et  al.  model,  for  three  states  and  four  combina- 
tions of  temperature  and  precipitation,  are 
compared  in  Table  4.  Both  models  predict  that  a 
warming  of  0.75°C  will  decrease  yields  by  a few 
percent.  The  discrepancies  in  the  estimates  are 
associated  with  cooler-than-normal  temperatures 
and  decreasing  precipitation.  The  Leeper  et  al. 
models  predict  that  yields  will  continue  to 


increase  in  all  three  states  for  a cooler  and  drier 
climate.  Estimates  from  the  Thompson  model 
suggest  that  in  Iowa  any  cooling  trend  associated 
with  decreasing  precipitation  will  cause  yield 
decreases,  and  that  in  Illinois  and  Indiana,  yields 
will  increase  by  only  a few  percent  at  best  before 
decreasing  when  the  temperature  change  reaches 
-3°C. 

A third,  physiologically  based  model 
developed  by  Dr.  W.G.  Duncan  of  the  University 
of  Kentucky  was  run  for  three  corn-belt  loca- 
tions with  1972  data.  Although  the  yield  output” 
of  the  Duncan  model  is  not  exactly  comparable 
with  that  of  the  other  two  models,  for  the  same 
four  combinations  of  temperature  and  precipita- 
tion it  shows  a pattern  like  that  of  the  Thompson 
model,  supporting  its  general  trends  (Benci  et  al., 
1975). 

The  Thompson  and  the  Leeper  et  al.  models, 
although  both  statistical,  are  very  different.  The 
Thompson  model  was  built  on  long-term  climate 
and  yield  data.  The  Leeper  et  al.  model  was 
developed  by  growing  corn  under  appropriate 
field  conditions  at  several  locations  over  a period 
of  three  years,  and  using  these  data  as  inputs  to 
develop  a yield-predicting  model.  Many  explana- 
tions can  be  given  as  to  why  the  discrepancies 
may  arise,  but  they  should  be  the  subject  of 
further  research  and  testing.  In  the  meantime, 
the  yield  response  in  Table  3 should  be  used  with 
caution. 

The  effects  of  climatic  change  on  soybean 
yields  have  been  estimated  for  the  states  of  Ohio, 
Indiana,  Illinois,  Iowa,  and  Missouri  by  the  use  of 
multiple-regression  equations  developed  by 
Thompson  (1970).  The  results  are  plotted  in 


Table  4.  Comparison  of  Predictions  by  Two  Models  of  the  Effect  of 
Climatic  Change  on  Com  Yields,  in  Percent  of  Normal 
(after  Benci  et  al..  1975) 


Climate  Combination 

Iowa 

Indiana 

Uinois 

Evaluated 

DAS* 

BAR“ 

DAS 

BAR 

DAS 

BAR 

+0.75°C 

-0.01 

-0.07 

-0.03 

-0.08 

-0.03 

-0.08 

-0.75°C,  -2.5%P 

-0.02 

+0.07 

+0.02 

+0.08 

+0.01 

+0.07 

-1.50C,-5%P 

-0.05 

+0.14 

+0.03 

+0.15 

0.00 

+0.15 

-3.0°C,-10%P 

-0.19 

+0.27 

+0.01 

+0.30 

-0.07 

+0.29 

‘Estimate  using  the  Thompson  model. 
“Estimate  using  the  Leeper  et  al.  model. 
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Figure  1.  It  can  be  seen  that  soybean  yields  will 
be  increased  by  lower  temperatures  in  Illinois, 
Indiana,  and  Missouri.  However,  in  Iowa  and 
Ohio,  lower  temperatures  will  be  deleterious; 
yield  decreases  of  about  20%  will  result  if 
temperatures  drop  by  as  much  as  3°C.  A physi- 
ological soybean  model  developed  by  Dr.  R.B. 
Curry  of  the  Ohio  Agricultural  Research  and 
Development  Center  at  Wooster  was  used  by 
Curry  and  Baker  to  simulate  the  effects  of 
climatic  change  at  that  location.  Their  results 
(Curry  and  Baker,  1975)  lend  credibility  to  the 
estimates  made  with  the  Thompson  equation,  as 
well  as  shedding  light  on  the  nature  of  the  large 
decreases  in  yields  with  decreasing  temperature 
in  Ohio  and  Iowa.  In  three  of  the  four  years, 
simulations  of  a 2°C  temperature  decrease  caused 
frost-kill  of  the  plants  before  maturity.  Maps  of 
freeze-free  periods  for  these  five  states  showed 

THOMPSON  REGRESSION  MODEL 


that  growing  seasons  in  both  Iowa  and  Ohio  were 
somewhat  shorter  than  those  in  the  other  three 
states. 

Soybeans  can  be  grown  in  a shorter  growing 
season  than  corn,  and  therefore  would  probably 
be  less  affected  than  com  by  a cooling  trend. 
Other  model  simulations  by  Curry  show  that  a 
slight  warming  might  be  helpful  in  increasing 
yields  at  some  locations,  and  that  in  general 
decreases  in  rainfall  lower  yields  while  increases 
in  rainfall  of  up  to  at  least  1 5%  increase  yields. 

Cotton  production  would  not  be  materially 
affected  by  a warming  or  cooling  of  about  2°C 
(Baker  et  al.,  1975).  However,  in  order  to 
maintain  production  at  present  levels  with  a 2°C 
cooling,  some  changes  in  cultural  production  and 
nitrogen  fertilization  would  probably  be  re- 
quired. A 2°C  decrease  in  temperature  could 
shift  the  cropping  zone  as  much  as  1 60  km 

CURRY  SIMULATION  MODEL 
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Figure  1.  Effect  of  climatic  change  on  soybean  yields. 
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further  south  except  in  Russia  and  California.  In 
the  United  States,  this  would  affect  production 
in  Tennessee,  North  Carolina,  Missouri  and 
Kentucky,  primarily ' because  of  the  shortened 
growing  season,  but  these  areas  account  for  only 
8%  of  U.S.  cotton  production. 

Grain  sorghum,  a crop  of  tropical  origin,  is 
adapted  to  areas  of  liigh  temperature  and  low 
rainfall.  Most  of  the  sorghum  is  grown  at 
latitudes  of  less  than  40°.  Sorghum  ranks  fourth 
among  the  cereals  in  world  production.  It  is 
normally  grown  in  areas  where  temperatures  are 
too  high  or  rainfall  too  low  for  production  of 
other  summer  crops,  such  as  corn  or  soybeans. 
Therefore,  changes  in  temperature  or  rainfall 
would  probably  affect  both  the  area  in  which 
sorghum  is  grown,  and  its  yield. 

Vanderlip  and  Ritchie  (1975)  suggest  that 
reduced  temperatures  would  primarily  delay 
planting  and  maturity,  and  would  not  result  in 
reduced  acreages  except  at  the  higher  latitudes 
and  altitudes.  In  much  of  the  sorghum-producing 
area  a 1 or  2°C  decrease  in  temperature  probably 
would  not  seriously  affect  yields.  In  the  areas  in 
which  the  effective  growing  season  might  be 
shortened,  an  earlier  hybrid  could  be  grown,  but 
yield  potential  would  be  reduced. 

Changes  in  rainfall  amount  and  distribution 
would  have  much  larger  effects  than  temperature 
changes  on  both  acreage  of  grain  sorghum  and 
yields.  Since  sorghum  is  grown  mostly  in  areas 
where  rainfall  is  limited,  changes  in  the  rainfall 
would  change  the  size  of  the  area  where  sorghum 
could  be  successfully  produced.  In  addition, 
changing  rainfall  would  in  many  cases  bring 
about  an  almost  proportional  change  in  yield, 
since  water  is  the  primary  limiting  factor  in  much 
of  the  sorghum  production. 

Genetic  change  in  the  sorghum  plant  to 
allow  better  growth  at  lower  temperatures, 
utilize  less  soil  water,  or  produce  grain  in  a 
shorter  length  of  time  are  possible  approaches  to 
overcoming  the  detrimental  effects  of  tempera- 
ture and  rainfall  changes.  Also,  soil-management 
practices  which  affect  soil  temperatures  and 
moisture  conservation  might  possibly  help  allevi- 
ate minor  climate-induced  problems. 

Hart  and  Carlson  (1975)  discussed  the  effect 
of  climatic  change  on  forage  crops.  The  species 
of  grasses  and  legumes  used  for  hay,  silage,  and 
pasture  in  the  continental  U.S.  exhibit  widely 
varying  adaptation  to  environmental  conditions. 


The  area  of  usefulness  of  a forage  crop  is 
considerably  smaller  than  the  area  in  which  it  can 
survive;  a species  may  survive  in  marginal  areas  of 
its  range,  but  its  production  will  vary  con- 
siderably from  year  to  year.  Other  forage  crops 
will  be  better  adapted  to  the  changed  climate  and 
more  productive,  and  will  be  grown  instead. 

North-south  distribution  of  forage  species  is 
governed  largely  by  temperature.  High  summer 
temperatures  set  a southern  limit  to  the  range  of 
cool-season  grasses,  and  low  winter  temperatures 
limit  the  northward  range  of  warm-season 
grasses.  If  average  daily  temperatures  decreased 
by  2.5°C,  the  range  of  the  warm-season  grasses 
would  move  south  only  about  1 50  miles,  but  the 
range  of  the  cool-season  grasses  would  extend 
south  to  the  Gulf  of  Mexico,  excepting  only 
southern  Texas  and  Florida.  Orchard-grass  and 
tall  fescue  might  replace  bermuda  and  bahiagrass 
almost  entirely  over  most  of  the  Southeast, 
because  the  cool-season  grasses  would  provide 
grazing  for  a longer  season  than  the  warm-season 
grasses.  However,  if  temperatures  increased  2.5°C 
and  the  existing  north-south  gradients  of  winter 
and  summer  temperatures  were  maintained,  a 
wide  transition  zone  would  develop,  to  which 
neither  cool-  nor  warm-season  grasses  were  well 
adapted,  and  forage  production  in  this  zone 
would  be  curtailed  severely. 

East-west  distribution  of  forage  grasses  is 
controlled  by  effective  precipitation.  Effective 
precipitation  can  be  changed  by  alteration  of 
total  precipitation,  of  evapotranspiration,  or  of 
seasonal  distribution  of  precipitation. 

If  effective  precipitation  decreases,  forage 
grass  will  move  eastward,  and  forage  production 
per  unit  land  area  will  decrease.  The  effect  on 
total  forage  production  is  not  as  easy  to  predict. 
Much  of  the  land  in  the  area  where  introduced 
grasses  can  be  grown  is  used  now  for  cereal  crops, 
but  if  it  became  dry  enough,  this  land  would  be 
used  for  forages.  Of  course,  part  of  the  short- 
grass  prairie,  and  the  bunch-  and  desert-grass 
area,  might  become  too  dry  to  produce  any  for- 
age at  all,  but  total  production  from  these  types 
is  quite  small  already.  If  effective  precipitation 
increased,  the  boundaries  between  forage  types 
would  shift  westward.  Production  per  acre  would 
increase,  but  land  now  in  range  would  be  diverted 
to  cereal-crop  production. 

Climatic  changes  would  alter  not  just  the 
area  in  which  a particular  forage  crop  is  grown, 
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but  also  the  yield  of  that  crop.  For  example,  in 
Iceland  the  mean  temperature  of  the  warmest  six 
months  was  7.65°C  in  the  late  1950’s,  but  only 
6.83°C  in  1966  and  1967.  Hay  yields  for  the 
same  periods  were  4.33  and  3.22  t/ ha,  respec- 
tively. A temperature  drop  of  0.8°C  produced  a 
25%  reduction  in  degree  days  above  a base  of 
5°C,  and  a 26%  reduction  in  hay  yields  (Bryson, 
1974). 

Cereals,  ryegrass,  and  clovers  are  important 
sources  of  winter  forage  in  the  Southeast,  but 
production  is  strongly  affected  by  temperature 
and  precipitation.  A model  developed  by  Hart 
and  Burton  (1965)  was  used  to  predict  the  effect 
of  temperature  and  precipitation  changes  on  the 
forage  yields  of  oats.  Total  production  would 
change  ±5%  with  a ±10%  change  in  precipitation, 
but  there  would  be  little  change  in  the  seasonal 
pattern  of  production,  because  moisture  is  not 
limiting  for  most  of  the  season.  A 2.5°C  increase 
in  temperature  would  make  forage  available 
about  a month  earlier  in  the  winter,  but  would 
decrease  total  forage  production,  because  growth 
of  the  crop  would  end  about  a month  earlier  in 
the  spring.  A 2.5°C  decrease  would  increase  total 
production,  because  growth  would  continue 
further  into  the  spring,  when  other  conditions 
are  more  favorable.  However,  in  the  latter  case, 
forage  production  would  be  cut  to  almost 
nothing  in  winter,  a time  when  it  is  needed 
badly.  Lower  precipitation  would  delay  seeding 
in  the  fall  in  some  ye-rs,  and  increase  chances 
of  failure  in  establishment.  Lower  temperatures 
would  increase  the  chances  of  winter  kill,  and 
could  result  in  a total  loss  of  production  in  some 
years. 

Unfavorable  environments  may  decrease 
forage  production  by  means  other  than  direct 
interference  with  growth.  Plant  diseases  spread 
more  rapidly  when  humidity  is  high,  so  disease 
losses  would  increase  if  precipitation  increased  or 
solar  radiation  and  perhaps  temperature  de- 
creased. Very  short  exposure  to  ultraviolet  radi- 
ation inhibits  pollen  germination;  an  increase  in 
ultraviolet  radiation  could  reduce  seed  produc- 
tion of  wind-pollinated  grasses. 

Forage  utilization,  as  well  as  forage  produc- 
tion, would  be  affected  by  climatic  change. 
Grazed  pastures  may  be  damaged  severely  by 
trampling  when  the  soil  is  wet;  increased  rainfall 
would  increase  the  number  of  days  when  this 
kind  of  damage  would  occur.  More  days  in 


winter  with  snow  cover  would  result  in  fewer 
days  when  livestock  could  graze,  but  on  the 
other  hand  increased  snow  cover  might  reduce 
winter-killing  of  the  forage  stand. 

Higher  rainfall  and  decreased  solar  radiation 
would  make  it  more  difficult  to  make  hay.  If 
increased  rainfall  and  decreased  radiation  were 
accompanied  by  cooler  temperatures  and  a 
shorter  grazing  season,  as  seems  likely,  the  need 
for  hay  would  increase  at  the  same  time  that  hay 
production  became  more  difficult.  In  the 
southern  U.S.,  this  might  be  offset  by  the 
increased  production  of  winter  forage  from 
cool-season  grasses,  but  such  an  increase  would 
not  be  possible  farther  north. 

CONCLUSION 

CIAP’s  study  of  the  effects  of  climatic 
change  on  selected  natural  and  agricultural  eco- 
systems demonstrated  that  broad  generalizations 
on  the  subject  are  seldom  possible.  It  also 
showed  that  the  response  of  an  entity  to  climatic 
change  within  those  systems,  whether  it  be  plant 
or  animal,  had  to  be  examined  with  respect  to 
the  particular  climatic  niche  that  it  occupied. 
Therefore,  the  response  function  of  a specific 
livestock  or  crop  enterprise  to  climatic  change 
depended  heavily  upon  the  climatic  regime  in 
which  the  enterprise  was  being  pursued.  For 
example,  the  same  postulated  climatic  change 
may  produce  very  different  response  functions  in 
northern  and  southern  Russian  wheat-growing 
areas,  or  for  Alberta  and  Manitoba,  Canadian 
wheat-growing  areas;  in  some  cases,  the  response 
functions  may  even  be  of  opposite  sign.  Thus,  we 
cannot  make  a generalization,  such  as  that  a 
cooler  and  wetter  climate  regime  will  favor  wheat 
production  in  a particular  area,  or  in  the  world, 
until  the  prior  climatic  regimes  have  been  speci- 
fied and  the  appropriate  methodology  applied. 

Man  has  the  ability  and  the  tools  to  over- 
come much  of  the  climatic  change  discussed 
here.  By  genetic  manipulation  and  crop  and 
cultivar  substitution,  the  challenge  posed  by 
decreased  temperature  could  be  met,  except  on 
the  extreme  northern  and  southern  boundaries  of 
the  world  where  the  growing  season  would 
become  too  short  to  grow  any  crop.  Drought- 
resistant  cultivars  could  partially  recoup  the 
lower  yields  caused  by  reduced  precipitation. 
Irrigation  and  drainage  projects  might  be  re- 
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quired  to  offset  the  remaining  effects  of  precipi- 
tation decrease.  However,  to  offset  climatic 
change  of  some  of  the  magnitudes  discussed  in 
Monograph  S,  commitment  to  worldwide  crop 
research  and  engineering  projects  would  have  to 
be  made  soon,  and  a high  priority  given  them. 


REFERENCES 


Baker,  D.N.,  J.R.  Lambert,  and  J.N.  Jenkins  (1975), 
“Cotton,”  section  4.1.5  of  CIAP  Monograph  5 
(Part  2),  Dept,  of  Transportation,  DOT-TST-75-55 
(part  2),  4-147  -4-163. 

Benci,  J.F.,  E.C.A.  Runge,  R.F.  Dale,  W.G.  Duncan, 
R.B.  Curry,  and  L.A.  School  (1975),  “Effects  of 
hypothetical  climatic  changes  on  production  and 
yield  of  corn,”  section  4.1.1  of  CIAP  Monograph  5 
(Part  2),  Dept,  of  Transportation,  DOT-TST-75-55 
(part  2),  4-3-4-37. 

Bollman,  F.  and  G.  Hellyer  (1974),  “The  Economic 
Consequences  of  Projected  Temperature  Changes 
in  Climatically  Sensitive  Wheat-Growing  Areas  of 
the  Canadian  Prairie,”  Development  and  Resources 
Corp.,  Sacramento,  CA. 

Bryson,  R.A.  (1974),  “A  perspective  on  climatic 
change,”  Science  184,  753-760. 

CIAP  (1975),  “Impacts  of  Climatic  Change  on  the 
Biosphere.  Part  2 - Climatic  Effects,”  Volume  5 of 
the  Climatic  Impact  Assessment  Program  mono- 
graph series  (Part  2),  ed.  J.  Bartholic  and  R.E. 
Jensen,  Dept,  of  Transportation,  DOT-TST-75-55 
(part  2). 

Cooper,  C.F.,  T.J.  Biasing,  H.C.  Fritts,  Oak  Ridge 
Systems  Ecology  Group,  F.M.  Smith,  W.J.  Parton, 
G.F.  Schreuder,  P.  Sollins,  J.  Zich,  and  W.  Stoner 
(1974),  “Simulation  models  of  the  effects  of 
climatic  change  in  natural  ecosystems,”  in  Pro- 
ceedings of  the  Third  Conference  on  CIAP  (Cam- 
bridge, MA),  Dept,  of  Transportation,  DOT-TSC- 
OST-74-15,  550-562. 

Curry,  R.B.  and  C.H.  Baker  (1975),  “Climatic  change  as 
it  affects  soybean  growth  and  development,”  sec- 
tion 4.1.4  of  CIAP  Monograph  5 (Part  2),  Dept,  of 
Transportation,  DOT-TST-75-55  (part  2),  4-132  - 
4-147. 


Hart,  R.H.  and  G.W.  Burton  (1965),  “Effect  of  weather 
on  forage  yields  of  winter  oats,  rye,  and  wheat,  " 
Agron.  J.  57,  588-591. 

Hart,  R.H.  and  G.E.  Carlson  (1975),  “Forages,”  section 
4.1.6  of  CIAP  Monograph  5 (Part  2),  Dept,  of 
Transportation,  DOT-TST-75-55  (part  2),  4-163  - 
4-173. 

Holton,  H.N.  and  N.C.  Lopez  (1973),  “USDAHL-73 
Revised  Model  of  Watershed  Hydrology,”  Plant 
Physiology  Institute  Rept.  No.  1,  USDA  Agricul- 
tural Research  Service,  Beltsville,  MD  20705,  110 
PP- 

Leeper,  R.A.,  E.C.A.  Runge,  and  W.M.  Walker  (1974), 
“Effect  of  plant  available  stored  moisture  on  corn 
yields,”  Agron.  J.  66,  723-733. 

Ramirez,  J.M.,  C.S.  Sakamoto,  and  R.E.  Jensen  (1975), 
“Wheat,”  section  4.1.2  of  CIAP  Monograph  5 (Part 
2),  Dept,  of  Transportation,  DOT-TST-75-55  (part 
2),  4-37  -4  -90. 

Richardson,  C.W.  and  J.T.  Ritchie  (1973),  “Soil  water 
balance  for  small  watersheds,”  Trans.  Amer.  Soc. 
Agri.  Eng.  16,  72-77. 

Ritchie,  J.T.  and  H.N.  Holton  (1975),  “Soil-water 
balance,  drought,  and  other  hydrological  implica- 
tions,” section  2.2.5  of  CIAP  Monograph  5 (Part  2) 
Dept,  of  Transportation,  DOT-TST-75-55  (part  2), 
2-52  - 2-61. 

Sakamoto,  C.  (1974),  “Effect  of  climate  on  non- 
domestic wheat  production,”  in  Proceedings  of  the 
Third  Conference  on  CIAP  (Cambrk'te,  MA), 
Dept,  of  Transportation,  DOT-TSC-OST-74-15, 
539-548. 

Stansel,  J.  and  R.E.  Huke  (1975),  “Rice,”  section  4.1.3 
of  CIAP  Monograph  5 (Part  2),  Dept,  of  Trans- 
portation, DOT-TST-75-55  (part  2),  4-90  - 4-132. 

Thompson,  L.M.  (1969),  “Weather  and  technology  in 
the  production  of  corn  in  the  U.S.  corn  belt,” 
Agron.  J.  61, 453-456. 

Thompson,  L.M.  (1970),  “Weather  and  technology  in 
the  production  of  soybeans  in  the  central  United 
States,”  Agron,  J.  62,  232. 

Vanderlip,  R.L.  and  J.T.  Ritchie  (1975),  “Grain 
sorghum,”  section  4.1.7  of  CIAP  Monograph  5 
(Part  2),  Dept,  of  Transportation,  DOT-TST-75-55 
(part  2),  4-173 -4-1 76. 


96 


) 


I 


' 


U.S.  Department  of  Transportation  Fourth  Conference  on  C1AP,  February  1975 

ECONOMIC  ANALYSES  OF  POLLUTION  RESULTING 
FROM  STRATOSPHERIC  FLIGHT: 

A PRELIMINARY  REVIEW*  * 


RALPH  C.  D’ARGE 
Department  of  Economics 
University  of  Wyoming 
Laramie,  Wyoming 


ABSTRACT:  Under  the  general  auspices  of  the  DOT  Climatic  Impact  Assessment  Program,  a substan- 
tial amount  of  theoretical  and  applied  economic  research  was  conducted  on  pollution  that  may  result 
from  stratospheric  flight.  This  research  can  be  classified  into  four  broad  categories:  (1)  impact  analyses 
concerned  with  the  economic  costs  and  benefits  of  climatic  and  ozone  modification,  (2)  costs  of 
emissions  control  and  monitoring  programs,  (3)  responsibility  for,  and  other  issues  of,  emissions 
regulation,  and  (4)  models  of  decision-making  designed  to  analyze  stratospheric  pollution  problems 
(and  provide  guidance  in  solving  them).  This  paper  contains  a brief  summary  of  progress  in  each  of 
these  categories,  along  with  a discussion  of  research  needs.  (For  a complete  tabulation  of  the  results  of 
the  CIAP  research,  the  reader  is  advised  to  consult  CIAP  Monograph  6 (1975).) 


THE  STRATOSPHERIC  POLLUTION 
PROBLEM:  A SKETCH 

From  an  economic  perspective,  the  strato- 
spheric pollution  problem  differs  little  from 
other  types  of  pollution  problems.  The  strato- 
sphere, being  a common-property  resource,  is 
likely  to  be  inefficiently  utilized  as  a sink  for 
pollutants.  To  achieve  economic  efficiency, 
stratospheric  emissions  should  be  regulated  and, 
in  simple  economic  terms,  controlled  up  to  the 
point  at  which  costs  of  regulation  at  the  margin 
equal  social  damages  at  the  margin  associated 
with  emissions  that  remain.  However,  this  simple 
rule  cannot  be  applied  unless  three  empirical 
relationships  are  well  defined.  (1 ) a complete  and 
concise  damage  function  relating  societal  dam- 
ages to  the  atmospheric  effects  for  various  rates 
of  pollutant  emissions,  (2)  a relationship  between 
costs  of  pollutant  control  and  regulation  and 
pollutant  emissions,  and  (3)  an  empirically  accu- 
rate relationship  between  rates  of  pollutant 
emissions  and  atmospheric  effects.  The  central 
problem  for  stratospheric  regulation  is  that 
neither  the  sign  nor  the  magnitude  of  any  of 
these  relationships  is  known  with  a high  degree  of 
certainty.  However,  estimates  to  date  as  regards 
the  third' relationship  suggest  that  aircraft  emis- 
sions will  tend  to  reduce  global  temperature  and 


the  Oj  concentration.  Best  estimates  to  date  also 
indicate  that  on  balance  a global  cooling  will  be 
costly  to  society,  but  they  are  based  on  intensive 
examination  of  only  about  20%  of  the  world’s 
economy.  Finally,  direct  costs  of  regulation  for 
regulating  some  pollutants,  SOx , have  been  esti- 
mated with  some  degree  of  precision,  while  for 
others,  including  NOx,  suggested  methods  of 
control  presuppose  such  radical  redesign  of  jet 
engine  combustors  that  accurate  estimates  of 
costs  are  not  foreseeable.  Thus,  the  traditional 
benefit-cost  analytical  approach  cannot  be 
applied  to  the  stratospheric  pollution  problem 
except  in  a rather  crude  and  limited  form.  For 
example,  “best”  estimates  of  the  three  relation- 
ships can  be  tabulated  and  the  order-of- 
magnitude  of  the  damages  and  costs  of  regulation 
can  be  evaluated;  this  is  done  in  the  next  section 
of  this  paper.  However,  the  current  uncertainties 
place  substantial  qualifications  on  these  results. 

Given  the  inherent  uncertainties  and  possi- 
bilities for  large  errors  in  measurement,  how 
should  the  stratospheric  pollution  problem  be 
analyzed  from  an  economic  perspective?  First, 
one  might  characterize  the  major  distinguishing 
attributes  as  follows. 

1.  There  are  large  uncertainties  in  the 
effects  on  surface  climate  of  various 


* This  paper  is  an  extended  version  of  the  notes  used  for  the  presentation  at  the  Fourth  Conference  on  CIAP. 
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levels  of  emission  in  the  stratosphere  of 
oxides  of  nitrogen,  oxides  of  sulfur, 
particulates,  and  water  vapor.  Some 
changes  may  involve  irreversibilities  in 
the  natural  environment,  although  no 
substantive  evidence  of  this  is  now 
available. 

2.  There  are  extremely  large  uncertainties 
in  the  translation  of  tropospheric  cli- 
matic changes  into  quantitative  biologi- 
cal effects. 

3.  There  are  very  high  uncertainties  as  to 
how  social  communities  and  the  eco- 
nomic system  adjust  to  large-scale  cli- 
matic change  or  even  small  climatic 
shifts  in  the  biosphere. 

4.  None  of  these  substantial  uncertainties 
is  likely  to  become  a near-certainty  in 
less  than  one  or  two  decades. 

Given  these  underlying  assumptions,  efforts  were 
concentrated  on  defining  the  decision  problems. 

The  essential  economic  decision  problem  is 
one  of  analyzing  a class  of  problems,  in  which 
the  transfer  function  between  cause  and  effect  is 
subject  to  extreme  uncertainty  at  the  point  of 
initial  decision,  but  a process  of  learning  over 
time  can  be  anticipated.  The  decision  process  is 
sequential:  decisions  made  in  the  next  decade 
can  be  continued  or  revoked  in  future  times,  and 
not  all  decisions  on  the  utilization  of  the 
stratosphere  need  be  made  at  one  point  in  time. 
Also,  impacts  of  both  biological  and  social 
consequences  may  not  be  observed  for  one  or 
more  human  generations  after  the  perturbation 
of  the  stratosphere.  The  monitoring  and 
emissions-control  costs  range  from  low-cost  cur- 
rent techniques  such  as  fuel  desulfurization  to 
very  high-cost  methods  of  reducing  emissions  and 
detecting  subtle  climatic  changes.  The  direct 
economic  costs  of  substantial  climatic  perturba- 
tions are  likely  to  be  high  when  adaptation  to 
environmental  changes  is  not  explicitly  included 
in  the  assessment. 

ESTIMATES  OF  ECONOMIC  IMPACTS 

The  fundamental  interdependence  of  eco- 
nomic activity  and  the  atmospheric  environment 
is  well  understood  by  everyone  either  adapting  to 
or  living  in  adverse  climates,  and  it  is  obvious 


that  climate  is  one  of  the  underlying  determi- 
nants in  economic  systems.  The  location  and 
density  of  human  settlements,  value  of  agricul- 
ture, physical  health,  and  even  recreational  pur- 
suits are  partly  the  result  of  climatic  changes.  For 
example,  increased  temperatures  could  mean 
decreased  heating  costs,  but  increased  air- 
conditioning  costs.  Lower  temperatures  may 
mean  a decrease  in  productivity  of  agriculture.  In 
the  past  two  years  there  has  been  an  attempt  by 
researchers  to  examine  costs  and  benefits  associ- 
ated with  climatic  change  under  the  auspices  of 
the  Climatic  Impact  Assessment  Program  of  the 
U.S.  Department  of  Transportation. 

It  is  impossible  to  examine  all  economic 
effects  without  a complete  global  general- 
equilibrium  analysis  of  benefits  and  costs.  The 
approach  taken  was  that  of  examining  a more  or 
less  representative  sample  of  major  agricultural 
crops,  fisheries,  and  commercial  forests  in  order 
to  assess  their  (partial-equilibrium)  adjustment  to 
climatic  change  and  the  implied  associated  bene- 
fits and  costs.  Studies  were  completed  on  world 
corn,  cotton,  wheat,  and  rice  production;  on 
forest  production  in  the  U.S.,  Canada,  anJ  the 
USSil;  and  on  thirteen  commercial-fishery  spe- 
cies worldwide.  For  assessing  effects  in  the 
non-natural-resource  area,  cost  and  benefit  meas- 
ures were  made  for  residential,  commercial,  and 
industrial  fossil-fuel  demands,  for  electricity  in 
commercial  and  residential  buildings,  for  housing 
and  clothing  costs,  for  road-repair  and  snow- 
removal  costs,  and  finally  for  aesthetic  costs  (or 
benefits)  associated  with  preferred  weather  pat- 
terns. In  addition,  studies  were  made  of  the 
health-cost  impacts. 

Cost  or  benefit  measures  were  developed  by 
utilizing  the  concept  of  consumer  surplus  where 
applicable,  and  calculating  direct  changes  in  costs 
or  savings  where  consumer  surplus  appeared  to 
be  not  applicable.  For  comparative  purposes,  a 
1°C  change  in  mean  annual  global  temperature  is 
assumed  to  occur  over  a 30-year  interval  from 
1990  to  2020.  Of  course,  the  interval  1990  to 
2020  is  entirely  arbitrary;  it  is  dependent  upon 
the  pollutant  injection  rate  assumed.  Table  1 is 
presented  only  to  illustrate  magnitude  of  benefits 
and  costs  of  this  arbit-  ,ry  global  temperature 
change.  For  those  categories  of  economic  activity 
analyzed,  net  cost  is  approximately  8.5  billion 
dollars  on  an  annual  basis,  or  1 70  billion  dollars 
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Table  1.  Estimates  of  Economic  Costs  of  Climatic  and  Biologic  Changes 
(-1°C  change  in  mean  annual  temperature,  no  change  in 
precipitation,  5%  interest  rate  assumed) 


Impact  Studied 

Investigators 

Annualized  Cost,  1974 
(in  millions  of  U.S. 
dollars;  negative  sign 
denotes  benefit) 

Corn  Production 

Schulze,  Ben-David 

-21 

Cotton  Production 

Schulze,  Ben-David 

11 

Wheat  Production 

Mayo,  McMillan 

92 

Rice  Production 

Bollman 

956 

Forest  Production 

Schreuder 

U.S. 

661 

Canada 

268 

U.S.S.R. 

(softwood  only) 

1383 

Douglas-Fix  Production 

Schmidt 

475 

Marine  Resources 

Bell 

1431 

Health  Impacts 

(excluding  skin  cancer) 

Anderson,  Lave,  Pauly 

2386 

Water  Resources 

Bollman 

-2 

Urban  Resources 

Wages 

Hoch 

3667 

Residential,  Commercial 

and  Industrial  Fossil 

Fuel  Demand 

Nelson 

176-232 

Residential  and  Commercial 

Electricity  Demand 

Crocker  et  al. 

-748 

Housing  and  Clothing 

Expenditures 

Crocker  et  al. 

507 

Public  Expenditures 

Sassone 

24 

Aesthetic  Costs 

Bradley,  Larsen 

-219 

Source:  d’Arge  (1975). 

on  a present-value  basis.  It  is  important  to  note 
that  there  is  incomplete  coverage  of  some  eco- 
nomic sectors  as  well  as  omission  of  other 
sectors,  except  perhaps  for  rice  and  cotton 
production.  Each  estimate  was  developed  inde- 
pendently, so  there  are  no  corrections  for  sec- 
toral or  categorical  interdependence  such  as  the 
effect  of  increasing  scarcity  of  rice  on  the 
demand  for  wheat,  and  there  is  no  consideration 
of  possible  future  technological  changes. 

Tables  2 and  3 give  a very  preliminary 
benefit-cost  analysis  based  on  the  measured 
damages  and  control  costs.  Table  2 contains 
estimates  of  the  damages  (from  climatic  change 
induced  by  aerosols)  avoided  by  desulfurization 
of  the  jet  fuel  used  in  supersonic  aircraft,  along 
with  the  costs  associated  with  sulfur  removal.  It 
can  be  seen  that  for  various  fleet  sizes  of 
supersonic  aircraft  flying  in  the  year  2000,  the 
benefit-cost  ratio  for  desulfurization  exceeds  2.5. 


However,  it  is  to  be  noted  that  damages  avoided 
are  computed  on  the  basis  of  assuming  propor- 
tionality over  the  range  0 to  -1°C  and  examining 
the  range  0 to  -0.007°C.  The  mean  temperature 
change  resulting  from  the  various  possible  fleets 
is  very  uncertain  at  present.  Some  scientists  have 
indicated  that  the  most  likely  change  is  negative 
but  very  slight,  between  0.007  and  0.014°C  (see 
Appendix  K of  the  NAS  study  (1975)).  It  is 
conceivable,  but  not  probable,  that  the  negative 
change  could  be  as  high  as  0.5°C.  An  additional 
problem  is  that  fuel  desulfurization  is  intended 
to  prevent  climatic  cooling  by  aerosols,  but  the 
countervailing  impact  from  injection  of  water 
vapor,  which  on  balance  is  predicted  to  raise 
surface  temperature  via  the  “greenhouse  effect,” 
is  not  considered.  Desulfurization  alone  could 
conceivably  induce  an  even  greater  warming 
effect  than  water-vapor  injections.  Until  more 
precise  global  meteorological  models  can  be 
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Table  2.  Climate  Change  - Preliminary  Estimates 
of  Costs  and  Benefits  for  Fuel 
Desulfurization 


Number  of 
Planes* 

Present-Value  Cost,  1974, 
with  3%  Interest  Rate 
(millions  of  U.S.  dollars) 

Damages 

Avoided 

Desulfurization 

200 

240 

92 

400 

480 

186 

600 

720 

278 

1000 

1200** 

464 

'Second-generation  supersonic  aircraft  flying  in  the 
year  2000. 

"Probable  change  of  -0.007°C. 

Table  3.  Ozone  Depletion  - Preliminary  Estimates 
of  Costs  and  Benefits  for  Engine  Redesign 

Present  Value  Cost,  1974, 
Number  of  5%  Interest  Rate 

Planes*  (millions  of  U.S.  dollars) 


Damages 

Avoided  Redesign  Costs 


200 

560 

no 

400 

1040 

150 

600 

1600 

190 

1000 

2760 

270 

•Second-generation  supersonic  aircraft  flying  in  the 
year  2000. 

constructed  so  that  the  joint  effect  of  water 
vapor  and  aerosols  can  be  more  accurately 
predicted,  the  benefit-cost  ratio  calculated  here 
for  sulfur  removal  must  be  viewed  with 
skepticism. 

Economic  costs  induced  by  alteration  in  the 
amount  of  UV  radiation  reaching  the  earth  were 
estimated  for  skin  cancer  (non-melanoma)  and 
materials.  Materials-weathering  costs  associated 
with  increased  UV  radiation  were  estimated  for 
plastics,  textiles,  paints,  and  other  surface 
finishes.  Many  other  potential  impacts,  including 
increased  skin  aging,  sunburn,  and  biological 
processes  dependent  on  the  UV  spectrum,  were 
not  measured.  In  Table  3 are  listed  measured 
damages  avoided  and  estimated  costs  associated 
with  redesigning  jet-engine  combustors  to  reduce 
NOx  emissions  by  a factor  of  6. 

For  fleet  sizes  from  200  to  1000  airplanes, 
all  computed  benefit-cost  ratios  exceed  4.  Ozone- 


depletion  effects  in  various  countries  are  highly 
diverse,  since  incidence  rates  for  skin  cancer  are 
much  greater  for  light-skinned  Caucasians  and  for 
individuals  who  spend  large  amounts  of  time  in 
the  sun.  For  countries  where  there  is  relatively 
little  activity  out  of  doors,  changed  UV  radiation 
should  have  only  minor  effects  on  incidence 
rates.  For  nations  with  very  substantial  levels  of 
outdoor  recreation,  incidence  rates  are  likely  to 
increase.  Because  of  the  negative  impacts  of 
ozone  depletion  on  areas  that  were  not  included, 
and  the  method  of  estimating  damages,  a greater 
degree  of  confidence  might  be  placed  in  the 
estimated  benefit-cost  ratios  exceeding  1 , than  in 
those  for  temperature  change.  In  the  benefit-cost 
estimates  presented  for  ozone  depletion  and  for 
climatic  change,  there  is  a substantial  difference 
in  the  sheer  magnitude  of  damages  that  may 
occur,  but  the  climatic  estimates  appear  to  be 
subject  to  a much  greater  degree  of  uncertainty. 

It  should  be  clear  from  these  very  pre- 
liminary benefit-cost  analyses  that  (1)  the  strato- 
sphere is  a resource  which  is  potentially  sensitive 
to  man’s  activities,  and  not  enough  is  known 
about  it  to  accurately  predict  consequences  with 
regard  to  either  efficiency  or  distribution,  and 
(2)  suspected  impacts  tend  to  be  negative  and  of 
a long-term  character.  Increased  exposure  to  UV 
radiation  today  means  an  increased  probability 
of  contracting  skin  cancer  in  30  years,  and  a 
gradual  buildup  of  aerosols  in  the  atmosphere 
may  require  60  years  to  be  noticeably  reflected 
in  long-term  trends  of  surface  temperature. 

INSTITUTIONS  FOR  REGULATION 
AND  MONITORING 

Both  common  law  and  international  agree- 
ment (implied  in  the  Chicago  Convention  of 
1944)  state  that  airspace  above  each  sovereign 
nation  is  controlled  exclusively  by  that  nation. 
However,  airspace  over  the  oceans  is  not  subject 
to  control  of  use  or  access  by  any  nation.  The 
stratospheric  pollution  problem,  at  least  in  terms 
of  an  institutional  setting,  can  be  viewed  as 
somewhat  analogous  to  the  pure  mining  problem 
in  which  any  owner  of  land  above  a common 
pool  can  tap  it.  Pumping  by  one  owner  will 
affect  all  other  owners  directly,  since  it  reduces 
both  pumping  pressures  and  future  supplies. 
Conventional  economic  wisdom  asserts  that  each 
mine  owner  will  have  very  strong  incentives  to 
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exploit  the  resource  and  use  it  more  intensively 
than  is  socially  desirable.  In  the  case  of  strato- 
spheric pollution,  there  is  the  added  dimension 
that  each  individual  nation’s  decisions  will  affect 
not  only  others  but  also  itself  - i.e.,  if  an 
individual  nation  should  decide  to  pollute  the 
stratosphere,  it  would  influence  not  only  the 
climate  of  other  nations  but  also  its  own. 
Consequently,  there  would  be  some  incentive  for 
each  nation,  acting  individually,  to  restrict  its 
emissions.*  For  truly  global  common-property 
resources  like  the  oceans  and  stratosphere,  posi- 
tive or  negative  impacts  are  unlikely  to  be 
one-directional  in  effect  and  incentive,  but  are 
more  likely  to  have  this  feedback  effect. 

With  regard  to  guiding  international  princi- 
ples - who  pays,  and  how  much  — it  appears 
that  there  are  no  existing  precedents  except  the 
various  observations  on  conflicts  over  nuclear 
testing.  Individual  nations,  through  their  sover- 
eign rights,  and  with  some  degree  of  individual 
autonomy,  have  the  right  to  impose  regulations 
on  the  airspace  above  them  provided  these 
individual  countries  are  willing  to  accept  some 
sort  of  potential  retaliation,  economic  or  other- 
wise, on  supersonic  flights  or  subsonic  flight 
elsewhere.  Individual  nations  also  have  the  right, 
through  bilateral  agreement  outside  of  the  Inter- 
national Civil  Aviation  Organization  (ICAO),  to 
prohibit  landing  of  any  form  of  aircraft  that  they 
believe  constitutes  present  danger.**  The  upper 
limit  to  airspace  is  roughly  defined  by  customary 
international  law  and  precedent  set  during  the 
first  decade  of  the  space  age.  It  was  recognized 
that  the  U2  aircraft  flying  reconnaissance  flights 
at  60,000  feet  (18.3  kilometers)  was  within 
sovereign  airspace.  This  altitude  was  accepted  as 
sovereign  airspace  because  it  was  navigable  by 
aircraft.  (On  the  other  hand,  states  have  tolerated 
spacecraft  satellites  over  their  territory  without 
claiming  violation  of  their  sovereign  rights.) 
Thus,  it  appears  that  individual  states  can  regu- 
late emissions  from  stratospheric  flight  that 
occur  within  their  sovereign  boundaries, including 
boundaries  at  sea.  What  individual  states  will  not 
be  able  to  control  are  emissions  over  the  oceans, 

•Generally,  restriction  by  nations  acting  in  isolation 
will  lead  to  inefficient  reduction  in  emissions  because 
of  the  common-property  character  of  the  resource. 
••This  section  draws  heavily  on  Larsen  and  Faggen 
(1975). 


which  do  not  constitute  sovereign  airspace,  and 
over  nations  agreeing  to  allow  stratospheric 
flight .+ 

A legal  question  is  emerging  as  to  whether  an 
agreement  among  the  ICAO  nations  to  regulate 
emissions  from  supersonic  flights  and  aircraft 
outside  sovereign  territories  can  be  made  without 
conflicting  with  other  international  agreements. 
The  1958  Geneva  Convention  on  the  High  Seas 
provides  for  freedom  of  flight  over  the  high 
seas*  Whether  this  agreement  will  be  honored 
cannot  at  this  time  be  foreseen. 

Most  dimensions  of  the  natural  environment 
on  a regional  or  global  scale  are  resources 
without  rigidly  defined  or  enforceable  interna- 
tional ownership  rights.  The  atmosphere,  es- 
pecially the  stratosphere,  is  a prime  example. 
This  resource  can  be  viewed  as  being  commonly 
owned  or  not  owned  at  all.  A nation  which 
agreed  to  a particular  pattern  of  ownership  of 
this  resource  could  potentially  lose  some  of  its 
implicitly  controlled  resources  and  thereby  its 
national  wealth.  As  long  as  international  entitle- 
ments are  obscure,  any  nation  can  lay  implicit 
claim  to  the  stratospheric  resource  exceeding  any 
equitable  share  it  might  presume  to  receive  if 
entitlement  were  made  explicit.  This  is  not  to  say 
that  once  some  other  nation  impinges  on  a 
country’s  perceived  implicit  entitlement,  it  will 
not  find  a negotiated  settlement,  and  thereby 
explicit  entitlement,  to  be  superior  to  an  implicit 
one.  However,  the  affected  nation,  in  negoti- 
ating, must  revise  downward  its  own  perceived 
ownership  of  the  common-property  resource.  In 
consequence,  proceeding  from  a situation  of 
implicit  entitlements  of  common-property 
resources  to  explicit  regulation,  and  thereby 
ownership,  means  that  some  (or  all)  nations  must 
revise  downward  their  expectations  of  national 
wealth  stemming  from  the  resources  that  each 
implicitly  believes  it  controls. 

tThis  might  lead  one  to  speculate  on  the  feasibility  of 
flying  from  Moscow  using  the  Arctic  Ocean  as  a pivotal 
point  for  entering  other  oceanic  airspaces  and  being 
able  to  land  at  almost  any  coastal  city  in  the  world 
without  violating  sovereign  airspace.  It  appears  un- 
realistic to  assume  that  stratospheric  flight  can  be  regu- 
lated through  assertions  of  the  rights  and  laws  of 
sovereign  airspace,  even  though  the  aircraft  typically 
will  be  flying  at  altitudes  within  currently  recognized 
sovereign  boundaries. 

♦Convention  on  the  High  Seas  signed  at  Geneva. 
Switzerland  (April  29,  1958). 
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A second  aspect  of  major  importance  arises 
from  the  concept  of  national  sovereignty. 
National  sovereignty  implies  that,  aside  from 
variations  in  political  or  economic  power  or 
information,  governments  will  achieve  the 
greatest  welfare  for  all  by  independently  pur- 
suing autonomous  goals  and  interacting  with 
each  other  through  international  markets.  The 
belief  in  national  sovereignty  as  an  ideal  is  so 
ingrained  in  the  world’s  cultures  that  it  is 
impractical  to  presume  it  will  be  easily  given  up 
or  seriously  modified. 

The  concept  of  national  sovereignty  in  deci- 
sion, combined  with  the  idea  that  implicit  (as 
opposed  to  explicit)  entitlement  of  the  strato- 
sphere yields  a greater  perceived  wealth  for 
nations,  suggests  that  resolution  of  stratospheric 
pollution  problems  will  generally  be  subject  to 
the  following  constraints.  First,  no  nation  will 
easily  accept  international  agreement  on  entitle- 
ment of  this  significant  common-property 
resource  without  receiving  compensation  to 
retain  its  perception  of  national  wealth.  Hence, 
the  classical  answer  to  such  problems,  internaliz- 
ing or  developing  an  independent  commission  to 
aid  the  decision-making  process  for  the  resource, 
is  not  easily  transferable  to  the  stratospheric 
pollution  problem;  a new  overriding  element  of 
distributional  gains  and  losses  must  be  simulta- 
neously included.  Second,  international  court 
settlements  for  regulating  pollution  of  the  strato- 
sphere are  not  likely  to  yield  satisfactory  results. 
There  appear  to  be  three  almost  insurmountable 
problems.  To  begin  with,  how  are  damages  to  be 
measured  and  damage  payments  assessed?  The 
victim  nation’s  social  values  may  be  strikingly 
different  from  those  of  the  polluting  country, 
and  there  may  not  be  a social-welfare  index  that 
is  applicable  to  both.  For  the  victim  nation, 
international  trading  prices,  at  least  at  the  mar- 
gin, offer  a measure  of  welfare  loss.  However,  if 
the  impact  is  felt  by  individual  citizens,  and  no 
market  prices  can  be  attached  to  their  losses, 
then  a measure  of  welfare  loss  is  available  only 
through  direct  examination  and  questioning, 
with  consequent  “free-rider”  difficulties.  A 
second  problem  is  that  the  actual  magnitude  of 
the  loss  may  be  uncertain  unless  stratospheric 
pollution  is  allowed  to  continue  to  the  point  of 
observable  damages,  e.g.,  threshold  levels  of  skin 
cancer.  Given  the  sovereign  rights  of  nations,  no 
nation  can  be  forced  to  pay  environmental 


damages.  The  tradeoff  here  may  be  in  terms  of 
loss  of  international  prestige  and  good  will,  or 
increasing  the  possibility  of  conflict,  versus 
monetary  payments  based  on  possibly  misrepre- 
sented public  preferences  in  the  victim  nations. 
Third,  there  is  also  the  problem  of  assigning 
damages  when  more  than  one  nation’s  strato- 
spheric pollution  contributes  to  total  damages.  If 
the  different  nations’  residuals  are  synergistic,  or 
if  damages  are  non-linearly  related  to  pollutant 
injection,  then  there  is  no  easy  method  of 
determining  how  much  responsibility  each  nation 
should  take  even  under  the  “Trail  Smelter” 
guidelines  (see  Reports  of  International  Arbitral 
Awards,  1938).  Thus,  it  can  be  anticipated  that 
international  courts  or  international  commissions 
will  have  difficulty  in  arbitration  even  if  such 
institutions  are  given  some  degree  or  level  of 
regulatory  powers. 

DECISION  PROCESSES 

On  the  basis  of  “best”  estimates,  it  seems 
that  substantial  numbers  of  aircraft  should  be 
allowed  to  fly  in  the  stratosphere,  but  only  in 
compliance  with  standards  on  pollutant  emis- 
sions. Small  numbers  of  such  aircraft  now  flying 
in  the  stratosphere  apparently  do  not  constitute 
a significant  enough  pollutant  load  to  be  scien- 
tifically detectable.  Given  the  sequential  nature 
of  both  learning  and  pollutant  loading,  the 
immediate  question  is,  what  type  of  regulatory 
strategy  is  likely  to  be  reasonably  valid?  Without 
flights  in  the  stratosphere,  stratospheric  constitu- 
ents are  not  going  to  be  perturbed  (except 
through  chlorofluorocarbons  and  perhaps  nitro- 
gen fertilizers  used  at  the  earth’s  surface),  and 
therefore  man  can  learn  nothing  directly  about 
the  stratosphere’s  capacity  to  “absorb”  pol- 
lutants. Alternatively,  permitting  stratospheric 
flight  without  undertaking  serious  monitoring 
efforts  may  lead  to  unacceptable  terrestrial 
changes.  Since  the  stratosphere  can  apparently 
regain  its  chemical  balance  even  after  substantial 
loadings  of  NOx  and  SO„,  a reasonable  policy 
would  srsm  to  be  one  that  allowed  some 
experimt  tation  but  balanced  it  with  extensive 
monitoring  programs.  As  new  information 
becomes  available  over  the  next  decade  from 
monitoring  and  laboratory  studies,  and  non- 
market  measures  of  economic  values  are 
improved,  this  learning  process  may  be  expected 
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to  provide  greater  insight  as  to  feasible  regulatory 
actions,  even  if  such  actions  take  a minimum  of 
one  decade  for  implementation.  Professors  W.R. 
Porter  and  M.L.  Cropper  from  the  University  of 
California,  Riverside,  provide  one  model  of  such 
a sequential  decision  process  (see  Appendix  A), 
in  which  the  decision-maker  adjusts  choices 
according  to  the  latest  scientific,  technical,  and 
economic  information  and  its  estimated  accu- 
racy. They  use  what  is  essentially  a variant  of 
stochastic  dynamic  programming  processes.  With 
this  model  and  other  work,  it  is  at  least  concep- 
tually feasible  to  design  a reasonable  operating 
strategy  for  regulating  emissions  into  the  strato- 
sphere. It  remains  to  be  seen,  whether  viable 
international  institutions  for  managing  the  strato- 
spheric pollution  problem  exist,  or  will  exist.  An 
important  initial  question  is  how  nations  will 
divide  the  relatively  large  outlays  for  base- 
line and  continuous  monitoring  of  the  strato- 
sphere, and  for  research  and  development  efforts 
on  reducing  aircraft  pollutant  emissions.  Perhaps 
an  equitable  division  would  be  for  the  polluting 
nations  to  finance  R&D  with  United  Nations 
supervision,  and  for  each  nation  to  contribute  to 
financing  global  monitoring  efforts  according  to 
the  United  Nations  funding  shares. 

RESEARCH  NEEDS 

There  appears  to  be  sufficient  evidence  that 
pollutants  from  stratospheric  flight  are  poten- 
tially a serious  global  environmental  problem. 
There  is  also  some  evidence  that  fleet  sizes  of 
SST’s  and  subsonics  flying  in  the  stratosphere 
must  be  at  least  an  order  of  magnitude  larger 
than  the  size  of  current  subsonic  fleets  to  induce 
substantial  pollution-related  damage  to  the  global 
economy.  Thus,  critical  decisions  on  emission 
rates,  flight  altitude  and  location,  and  number 
and  duration  of  flights  can  be  postponed  for  at 
least  five  to  ten  years*  The  essential  problem, 
then,  is  to  design  an  efficient  set  of  research 
studies  for  the  next  five  to  eight  years  to  provide 
the  data  needed  for  consistent  and  adequate 
international  regulatory  policies.  I think  an  effi- 
cient and  successful  research  design  would 
include  the  following  components: 

* This  statement  must  be  qualified  if  the  ozone  profile 
and  climate  are  affected  by  other  anthropogenic 
sources,  including  chlorofluorocarbons.  If  this  is  the 
case,  then  regulating  decisions  may  be  needed  much 
sooner. 


1 . More  intensive  examination  of  the  costs 
and  benefits  to  urban  and  rural  com- 
munities of  climatic  changes,  including 
the  effect  of  latitude  and  climatic  vari- 
ability — i.e.,  hourly,  weekly,  and  sea- 
sonal variations  in  micro-climates. 

2.  A historical  examination  of  how 
societies  have  adjusted  to  long-term 
trends  in  climate.  Such  analyses  would 
offer  insight  on  how  non-market  consid- 
erations influence  benefits  and  costs. 

3.  A continued  effort  to  objectively  relate 
changes  in  ultraviolet  radiation  to 
changes  in  humans,  animals,  and  plants. 
Perhaps  most  important,  a net  effect  of 
UV-B  on  skin-cancer  incidence  rates 
should  be  striven  for,  with  mitigating 
influences  of  behavior,  socio-economic 
class,  race,  and  so  on  taken  into 
account. 

4.  The  development  of  quantitative  eco- 
nomic models  for  designing  and  imple- 
menting a short-  and  a long-term  strato- 
spheric monitoring  program  which 
would  consistently  integrate  data  on 
source,  ambient  change,  and  effects. 
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NOTE  ON  OPTIMAL  POLICIES  FOR  MONITORING  STRATOSPHERIC  FLIGHT 


W.R.  PORTER  AND  M.I.  CROPPER 
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Riverside,  California 


INTRODUCTION 

The  problem  in  monitoring  stratospheric  flight  is 
to  decide  how  often  and  at  what  locations  to  measure 
the  effects  of  flight  on  the  environment.  Since  the 
purpose  of  monitoring  is  to  improve  decisions  regulating 
flight,  any  treatment  of  the  monitoring  problem  must 
be  based  on  a model  for  the  control  of  stratospheric 
flight.  One  approach  which  has  proved  useful  is  to  view 
the  problem  of  regulating  flight  as  a problem  in 
stochastic  dynamic  programming.  In  this  framework  the 
decision-maker  determines  how  much  flight  to  permit  in 
each  period  to  maximize  net  benefits  from  flight  over 
some  horizon.  Net  benefits  in  any  period  depend  on 
the  control  variable,  amount  of  flight,  and  the  state  of 
the  system  being  controlled.  In  the  SST  problem  the 
state  of  the  system  may  be  interpreted  either  as  a 
pollution  stock  (e.g.,  the  stock  of  NOx,  SOx,  or  some 
other  effluent  discharged  during  flight)  or  as  some 
measure  of  environmental  quality,  such  as  the  density  of 
the  ozone  layer. 

Stratospheric  flight  affects  net  benefits  directly 
through  a benefit  function  and  indirectly  by  increasing 
the  pollution  stock.  The  relationship  between  amount 
of  flight  and  level  of  pollution  is  embodied  in  a state 
transformation,  which  gives  the  pollution  stock  at  the 
end  of  period  t as  a function  of  the  pollution  stock  at 
the  end  of  the  previous  period  and  the  amount  of  flight 
in  the  t*h  period. 

Under  certain  general  conditions,  the  problem 
described  here  may  be  solved  to  yield  the  optimal 
amount  of  flight  each  per.od  as  a function  of  the 
pollution  stock  at  the  beginning  of  that  period.  To 
implement  the  optimal  policy,  the  decision-maker  has 
only  to  determine  what  the  state  of  the  system  will  be 
at  any  point  in  time  and  then  compute  the  optimal 
amount  of  flight  allowed.  It  is  important  to  realize  that 
if  all  the  relationships  in  the  model  are  deterministic, 
the  decision-maker  need  know  only  the  size  of  the 
initial  pollution  stock  in  order  to  compute  what  the 
state  of  the  system  will  be  at  any  point  in  time.  Thus,  in 
the  absence  of  uncertainty,  the  policymaker  need 
measure  the  state  variable  only  at  the  beginning  of  the 
planning  horizon.  The  monitoring  problem,  as  described 
above,  simply  does  not  exist. 

The  monitoring  question  is,  however,  important  if 
the  relationship  between  the  control  variable  and  the 
state  variable  is  uncertain.1  In  this  case,  it  is  still 

1  This  will  be  the  case  if  the  amount  of  effluents 

discharged  during  flight  is  uncertain  or  if  the  effect  of 

effluents  on  the  state  variable  (e.g.,  the  ozone  layer)  is 

uncertain. 


possible  to  solve  for  the  optimal  level  of  flight  as  a 
function  of  the  state  of  the  system.  However,  given 
knowledge  of  the  initial  pollution  stock  and  of  the 
random  state  transformation,  it  is  no  longer  possible  to 
determine  the  state  of  the  system  for  all  future  time. 
Instead  the  decision-maker  can  only  compute  a proba- 
bility distribution  over  future  pollution  stocks.  Thus,  in 
the  uncertainty  case,  the  state  of  the  system  can  be 
known  only  if  it  is  actually  observed. 

In  most  stochastic  control  models  it  is  assumed 
that  the  decision-maker  can  costlessly  observe  the  state 
of  the  system  before  announcing  his  choice  of  the 
control  variable.  In  practice,  however,  measuring  the 
state  variable  is  costly,  and  it  is  therefore  meaningful  to 
ask  how  often  the  state  of  the  system  should  be 
observed.  The  remainder  of  the  paper  provides  a method 
of  determining  the  optimal  pattern  of  monitoring 
activity  when  monitoring  is  costly  and  the  amount  of 
pollution  generated  by  stratospheric  flight  is  uncertain. 

THE  MODEL2 

At  the  beginning  of  each  period  of  his  horizon  the 
policy-maker  must  determine  a!,  the  number  of  hours 
of  flight  permitted  during  the  period.  For  reasons  given 
below,  it  is  convenient  to  measure  the  number  of  hours 
of  flight  in  terms  of  pollutants  discharged  per  hour.3 
Thus  at  represents  the  number  of  ppm  of  NOx  or  SOx 
resulting  from  flight. 

As  flight  occurs,  X,  the  stock  of  the  pollutant  in 
the  environment,  increases  according  to  the  state 
equation 


X,  * Xt+ 1 ♦ a(  + Wj,  t ■ T-l,  T-2, 


Equation  (1)  states  that  Xt,  the  pollution  stock  at 
the  end  of  period  t,  is  equal  to  Xt+1,  the  state  of  the 
system  at  the  end  of  the  previous  period,4  plus  a,,  the 
increment  in  pollution  caused  by  flight  during  the  tlh 


2 The  model  presented  here  is  similar  to  the  model 
developed  by  one  of  the  authors  in  Cropper  (1975). 

3 This  is  equivalent  to  assuming  that  emission-control 
standards  for  aircraft  engines  have  already  been 
imposed,  so  that  the  amount  of  pollution  resulting 
from  an  hour  of  flight  is  fixed. 

4 Following  the  dynamic  programming  convention,  all 
periods  are  numbered  backwards.  T refers  to  the  time 
at  the  beginning  of  the  T-period  horizon  and  T-l  to 
the  first  period  of  the  horizon.  Period  0 is  the  last 
period  of  the  horizon. 
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period,  plus  w,,  an  exogenous  periodic  change  in  the 
accumulated  pollutant.  The  {w,}  are  assumed  to  be 
independently  and  identically  distributed  random  vari- 
ables with  known  distribution. 5 

Within  each  period  society  derives  benefits  B(a,), 
which  are  assumed  to  be  an  increasing,  concave  function 
of  the  number  of  hours  of  flight.  At  the  same  time  the 
pollution  which  accompanies  flight  imposes  costs  D(Xt), 
which  increase  at  an  increasing  rate  with  the  size  of  the 
pollution  stock.  Net  benefits,  B(at)  - D(X(),  are  defined 
to  be  the  difference  between  benefits  and  costs. 

If  at  the  end  of  each  period  the  decision-maker 
could  observe  Xt  without  charge,  he  would  be  faced 
with  the  problem  of  selecting  control  variables  a-r.j, 

aT_2 a0  to  maximize  the  sum  of  expected  net 

benefits  over  a T-period  horizon 


T-l 

Tt  B(at)  - ED(Xt)  , 

t=0 


(2) 


subject  to  (l).6  The  expectation  operator  appears  in 
equation  (2),  since  at  the  time  at  is  chosen  Xt,  the 
pollution  stock  at  the  end  of  period  t,  is  random. 

If  X,+ 1 is  costlessly  observable  at  the  end  of  period 
t+1  before  a,  is  chosen,  then  the  decision-maker  should 
solve  equation  (2)  for  at  as  a function  of  X,+ , , t = T-l, 
T-2,  ....  0.  When  monitoring  is  costly,  the  decision- 
maker, given  the  initial  pollution  stock  XT,  must 
determine  when  he  will  next  pay  to  observe  the  state  of 
the  system,  as  well  as  the  amount  of  flight  to  permit  in 
each  period  until  the  first  observation  is  taken.  In  order 
to  determine  when  X should  first  be  observed,  however, 
the  decision-maker  must  determine  an  optimal  monitor- 
ing strategy  for  the  entire  horizon,  as  well  as  the  number 
of  hours  of  flight  allowed  in  each  period.7  If  we  denote 
the  total  number  of  observations  by  n,  0 < n < T,  and 
the  cost  of  each  observation  by  q,  then  the  decision- 


maker will  choose  aT_,,  aT.2 a0  and  the  times  at 

which  monitoring  will  occur  to 


max 


Bfa,)  - ED(X,)  - nq. 


(3) 


Once  this  problem  has  been  solved,  the  decision- 
maker will  know  when  (if  at  all)  he  next  plans  to 
observe  X,  and  how  much  flight  to  permit  in  each 
period  before  this  observation  is  taken.  Suppose  that  the 
decision-maker  first  plans  to  monitor  X at  the  end  of 
period  T-t.  Once  XT.r  has  been  observed,  the  decision- 
maker will  again  solve  the  problem  described  above, 
with  T = T-t  and  with  XT_r  replacing  XT  as  the  initial 
pollution  stock.  In  this  manner  the  optimal  monitoring 
policy  is  determined  sequentially,  with  the  decision- 
maker deciding,  on  the  basis  of  his  most  recent 
information,  when  next  to  monitor  the  pollution  stock. 

THE  SOLUTION  TO  THE  PROBLEM 

The  solution  to  the  monitoring  problem  described 
above  can  be  obtained  using  a backwards-recursive 
procedure  frequently  employed  in  solving  dynamic 
programming  problems.  To  illustrate  clearly  how  this  is 
accomplished,  we  solve  the  monitoring  problem  first  for 
a two-period  horizon,  then  for  a three-period  horizon, 
and,  finally,  for  the  general  T-period  case. 

The  Two-Period  Model 

In  the  two-period  case  the  decision-maker  knows 
X2,  the  pollution  stock  at  the  beginning  of  the  horizon, 
and  must  select  a j,  the  amount  of  flight  during  period 
one,  and  aQ,  the  amount  of  flight  in  the  final  period,  to 
maximize 

B(a,)-ED(X,)  + B(a0)-ED(X0),  (4) 


5 In  the  case  of  NO*  or  aerosols,  it  is  probably  not 
unreasonable  to  assume  that  the  pollutant  stock  is 
affected  by  some  exogenous  noise  in  the  manner 
indicated  by  equation  (1).  However,  more  compli- 
cated forms  of  the  state  transformation  could  be 
employed  without  altering  the  validity  of  the  results 
described  below.  For  example,  the  state  equation 
could  be  written  Xt  = Xt+|  + a,  + btX(+i,  with  bt 
representing  an  uncertain  pollution  decay  rate.  Alter- 
natively, the  uncertain  increment  to  the  pollution 
stock  could  be  made  to  depend  on  at.  For  expository 
purposes,  however,  it  is  convenient  to  work  with 
equation  (1). 

6 The  method  of  determining  an  optimal  monitoring 
policy  is  not  altered  if  a positive  discount  rate  is 
assumed.  A zero  rate  is  assumed  only  for  notational 
simplicity. 

- 

' We  assume  throughout  that  if  the  policymaker  pays  to 
observe  Xt  he  will  in  fact  observe  the  true  state  of  the 
system.  We  thereby  ignore  any  problems  posed  by 
random  measurement  error. 


where 

X,  = X2  + a,  + Wj  and  X„  = Xj  ♦ a0  + wQ. 

The  decision-maker  can  pick  a0  and  a,  solely  on 
the  basis  of  his  knowledge  of  X2,  or,  at  a cost  of  q,  he 
can  observe  X,  before  choosing  aQ.  If  the  decision- 
maker chooses  a^  and  a,  without  observing  X,,  his 
maximal  expected  utility  over  both  periods  is 

V,0(X2)  = max  E[B(a0)  - D(X2  + a,  + w, 
a„,a, 

+ a0  + w0)  + B(a,)  (S) 


- D(X2  + a,  +w.)].8 
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If  the  decision-maker  plans  to  observe  Xj  before 
choosing  a0,  using  a backwards-recursive  procedure,  he 
will  choose  a0  as  a function  of  X,  and  will  receive  an 
expected  return  of 


(v10<Xj) 

}v„(X2)-q 


X2<o 
X2  >o 


(9) 


W0(X  j)  = max  E[B(a0)  - D(Xj  + a0  + w^]  (6) 

"0 

in  period  0.  In  period  1 the  decision-maker  will  select  a, 
(as  a function  of  X2)  to  maximize  E[W0(X[)  + B(aj)  - 
D(X|)J  and  will  receive  an  expected  payoff  of 

vM(X2)»maxEIW0(X2  + aj  +Wj) 


+ B(a1)-D(X2  + a,  + w^] 

over  the  two-period  horizon,  before  deducting  the  cost 
of  observing  X,.  Since  the  decision-maker’s  objective  is 
to  maximize  the  expected  value  of  net  benefits  minus 
monitoring  costs,  he  will  choose  to  observe  Xj  t*  and 
only  if  Vj  ,(X2)  - q > V10(X2).  Equivalently,  the 
decision-maker  will  monitor  X,  iff  V,j(X2)  - 
V,o(X2),  the  expected  gain  from  monitoring,  exceeds 
the  cost  of  taking  an  observation. 

The  value-of-moniforing  function,  Vjj(X2)  - 
V,o<X2),  possesses  two  important  properties. 

1.  V,,(X2)  - V10(X2)  > 0 for  all  X2.  This 
follows  from  the  definition  of  a maximum, 
with  the  strict  inequality  holding  if  the 
distribution  of  w,  is  non-trivial,  if  B(  - ) is 
strictly  concave  and  if  D(-)  is  strictly  convex 
and  increasing. 

2.  V ( j(X2)  - V 10(X2)  js  an  increasing  function 
of  X2,  provided  marginal  damages  increase  at 
a faster  rate  than  marginal  benefits,  i.e., 
provided  B'"  < D"'. 

The  last  condition  is  likely  to  be  satisfied  whenever 
X is  large  in  absolute  terms,  especially  if  X can  be 
thought  of  as  approaching  a catastrophe  level.  Intui- 
tively, when  a catastrophic  pollution  level  has  been 
reached  the  rate  of  increase  in  marginal  pollution 
damage  is  very  high. 

In  view  of  properties  (1)  and  (2)  the  monitoring 
decision  may  be  expressed  very  simply  in  terms  of  X2: 

Monitor  if  X2  > a 

(8) 

Do  not  monitor  if  X2  < a 

where  a - max  {X2IVU(X2)  - V,0(X2)  « q}  and 
where  a « ••  if  no  such  maximum  exists. 

If  the  decision-maker  decides  to  monitor,  then  a, 
will  be  chosen  to  satisfy  (7)  and  a0  will  be  found  by 
maximizing  B(a0)  + ED(X,  + aQ  + Wg).  If  it  is  not 
optimal  to  monitor,  then  aQ  and  a,  are  chosen  to  satisfy 
(5).  The  resulting  two-period  expected  return  will  be 
written 


The  Three-Period  Model 9 

In  the  three-period  case,  X3,  the  pollution  stock  at 
the  beginning  of  the  first  period,  is  assumed  known  and 
a2,  a,,  and  aQ  must  be  chosen  to  maximize 

2 

Y.  B(at)-ED(Xt)  (10) 

t=0 


subject  to  X,  = X<+|  + a,  + wf,  t = 2,  1,  0. 

The  monitoring  problem  is  to  determine  whether 
monitoring  should  occur  at  all  and,  if  so,  whether  X2  or 
Xj  should  be  the  first  state  variable  observed. 

We  shall  define,  analogous  to  the  two-period  case, 

V22(X3)  = max  E[W,(X2)  + B(a2)  - D(X2)j  (11) 
a2 

V2I(X3)=  max  E[W0(X,)  + B(a,) 
a2,a, 

-D(X,)  + B(a2)-D(X2)] 

V20(X3)=  max  E[B(a0)  - D(X0) 
a2’aX,a0 

+ B(a,)  - D(X,)  + B(a2)  - D(X2)1 

In  view  of  (1 1H 1 3)  the  maximum  expected  return 
from  each  monitoring  strategy  is 

1.  V22(X3)  - q if  X2  is  the  first  state  variable 
observed  and  an  optimal  policy  is  followed 
with  respect  to  X2,  the  state  observed  at  the 
end  of  period  2; 

2.  V2,(X3)  - q if  X,  is  the  first  variable 
monitored  and  an  optimal  policy  is  followed 
with  respect  to  X,; 

3.  V20(X3)  if  neither  X2  nor  X,  is  observed. 

The  decision-maker  will  select  the  monitoring 
strategy  with  the  highest  expected  return  and  will 
choose  values  of  a2,  a,,  and  a0  which  satisfy  the 
appropriate  V2t(X3),  t = 2,  1,  0.  For  computational 
purposes  the  maximum  of  1.-3.  can  be  determined 
by  simple  pairwise  comparison  of  V22*X3)  - 9, 
V2,(X3)-q,  and  V20(X3).  However,  we  conjecture 


(12) 


(13) 


r Using  a backwards-recursive  procedure,  the  three- 
period  model  is  formed  from  the  two-period  model  by 
adding  an  additional  period  at  the  beginning  of  the 
horizon.  Period  2 is  now  the  first  period  of  the 
horizon  and  period  0 the  last  period. 
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that  under  certain  reasonable  conditions10  the  optimal 
monitoring  strategy  will  have  the  form 

Monitor  X2  next  if  <*21  < X3 


W.1(Xo)  = 0 

(17) 

W0(X1)  = maxE[B(a0)-D(X0)) 
a0 

(18) 

Monitor  X!  next  if  a20  < X3  < a2l  (14) 

Do  not  monitor  if  X3  < a20 

where  o,0»  {max  X,IV71(X,)  - V,n(X,)  < qY  and 
a21=m^0{X3^22(X3)<V^(X3)}20 

Assuming  that  this  is  the  case,  the  maximal 
three-period  return  can  be  written 

1^20^3)  X3  < <*2o 

V 2 i(x3)  — q if  Ojo  ^ X3  ^ ^2 1 • G5) 

^22(X3>  - q if  “21  < X3 

The  monitoring  strategy  in  (14)  has  the  intuitively 
appealing  property  that  the  decision-maker  will  monitor 
X sooner  the  larger  the  initial  pollution  stock  is.  This 
property  seems,  upon  reflection,  to  characterize  a 
variety  of  everyday  monitoring  problems.  A driver  is 
likely  to  check  his  gas  gauge  more  often  when  his  tank  is 
near  empty  than  when  it  is  full.  An  individual  is  more 
likely  to  have  a physical  examination  when  he  is  feeling 
il)  than  when  he  is  feeling  well. 


Wt(Xt+1)=> 


<Vt0(Xt+1)  if  Xt+1  < a,0 
I ^tl^xt+l)  ~ 9 if  “to  < xt+l  < “tl 

(19) 

| Vtt-i(X,+  l)  ~ q “tt-2  < Xt+1  < “tt-1 

Vvtt<xt+i)  - q if  “tt-i  < xt+t 


where 


Vta<Xt+l>  = nia*  E(WS.,(XS) 
at as 


(20) 


+ £ B(aT)  - D(Xr)] 


and 


a,0  = max  {xt+i  |Vti(xt+j)  - V.o(xt+i)  < q}  , (21) 


The  T-Period  Model 


t * T-l 1. 


In  the  T-period  case,  XT,  the  pollution  stock  at  the 
end  of  period  T,  is  known  and  the  decision-maker  must 
select  aT_,,  aT.2, ....  a0  to  maximize 

T-l 

£ B(at)  - ED(Xt)  , (16) 

t=0 

where  Xt  = X,+  1 + a,  + wt,  t = T-l,  T-2 0. 

The  monitoring  problem  is  to  determine  which  of 
T possible  monitoring  strategies  yields  the  highest 
expected  net  return. 

As  in  the  two-  and  three-period  cases,  we  shall  let 
W,(Xl+1)  represent  the  maximal  expected  return  over 
periods  t,  t-l, ....  0 if  Xt+1  is  the  state  at  the  end  of 
period  t+1.  V,s(Xt+1)  represents  the  return  received 
over  periods  t,  t-l,  . . . , 0 if  X is  first  observed  at  the 
end  of  period  s,  s < t,  and  an  optimal  policy  is  followed 
with  respect  to  Xs,  the  state  variable  observed. 
Formally, 


10  Sufficient  conditions  for  the  optimal  monitoring 
strategy  to  have  the  form  (14)  are  that 

(i)  0 > V'22(X3)  > V'2I(X3)  > V'I0(X3) 

and 


“ts  “ max  {xt+i  |V,s+,(xt+1)  - V„(Xt+1)  < 0}  , (22) 

t *=  T-l 1 

s = t 1. 

The  decision-maker  will  choose  Xt  as  the  first 
variable  to  be  monitored  if  the  strategy  “observe  Xt 
next”  yields  the  highest  expected  return.  Thus,  to  find 
the  optimal  monitoring  strategy  the  decision-maker 
will  pick  the  maximum  of  {VT.j  T_i(XT)  - q, 

^T-1,T-2^Xt)  “*!'•"»  ^T-1,1^XT^  “ 9,  ^T-!,0^XT^}* 
This  may  be  accomplished  by  making  T-l  pairwise 
comparisons  among  the  VT.,  t(XT).  However,  under 
appropriate  conditions  the  optimal  monitoring  strategy 
will  have  the  form: 

Monitor  XT_,  next  if  <*t-i,T-2  < XT 

Monitor  X*j,_2  next  if  j T-3  ^ XT  ^ “T-l  T-2 

(23) 

Monitor  X|  next  if  aT  , „ < XT  < aT  , , 


(ii)  v2of“2(P  ^ ^21  (“20)  _ 9 > ^22^a20^  ~ 9- 


Do  not  monitor  if  XT  < aT. , 0 
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where  the  {oif-l.t}  are  defined  by  (21)  and  (22). 

Once  the  optimal  monitoring  strategy  has  been 
selected,  the  number  of  hours  of  flight  permitted  in 
each  period  before  monitoring  occurs  will  be  obtained 
as  the  solution  to  the  corresponding  V T1  ,(XT).  Note 
that  after  the  first  X has  been  observed,  the  problem 


described  by  equations  (16M23)  will  be  solved  again, 
with  T now  indicating  the  number  of  periods  remaining 
in  the  horizon.  In  this  manner  the  optimal  monitoring 
policy  is  determined  sequentially,  with  each  monitoring 
decision  based  on  the  decision-maker’s  most  recent 
information. 


BIOLOGICAL  AND  ECONOMICAL  IMPACT 


DISCUSSION 

GWIAZDOWSKI:  In  the  absence  of  other  questions,  I 
have  one  that  1 would  like  to  address  to  Dr.  Urbach. 
You  indicated  that  the  effect  of  ozone  on  skin  cancer 
was  real  and  important.  Now  the  Environmental  Protec- 
tion Agency  is  trying  to  remove  ozone,  oxides  of 
nitrogen,  and  particulates  from  the  atmosphere  of  the 
urban  areas,  where  most  of  our  people  live.  As  I 
understand  the  meteorology,  that  will  lead  to  an 
increase  in  ultraviolet  radiation  in  all  of  those  areas  and 
therefore,  presumably,  toward  an  increase  in  skin 
cancer.  Now,  if  this  is  an  important  problem,  has  EPA 
asked  you  about  this? 

URBACH:  EPA  has  not  asked  me  anything,  for  which  I 
should  perhaps  be  thankful.  However,  as  regards  the 
amount  of  ozone  and  nitric  oxides  and  such,  you  may 
recall  a slide  1 showed  you  of  actual  measurements 
taken  in  Philadelphia.  If  you  remember,  there  was  a nice 
notch  which  made  the  curve  smooth  and  symmetrical; 
that  was  the  end  of  July  and  August  in  Philadelphia. 
And  that  rather  nice  notch  is  probably  due  not  to  ozone 
but  to  the  various  other  mobile-source  air  effluents  and 
climatic  conditions.  Completely  cleaning  up  a city  like 
Los  Angeles  is  probably  like  governing  New  York  - 
impossible.  But  even  if  you  could,  the  change  would  not 
really  be  very  great.  The  reason  for  this  is  that  many 
factors  contribute  to  the  relatively  low  amount  of  skin 
cancer  among  city  dwellers.  In  any  area  with  high 
buildings,  about  50%  of  the  ultraviolet  radiation  is 
excluded.  This  was  shown  by  Schulze  back  in  about 
1925.  You  would  get  about  twice  the  sunburn  in  the 
same  period  of  time  on  top  of  Rockefeller  Center  that 
you  would  in  the  ice-skating  rink  300  feet  below 
because  half  the  radiation  is  absorbed  by  the  buildings. 
Years  ago,  this  was  called  the  “biologic  darkness”  of 
cities;  they  get  so  little  ultraviolet  that  most  of  the 
people  who  do  get  skin  cancer  in  big  cities  either  are 
very  fair  or  are  people  who  work  outdoors  all  the  time.  I 
think  cleaning  up  the  air  in  the  cities  would  probably 
not  lead  to  a measurable  increase  in  skin  cancer.  The 
change  would  be  orders-of-magnitude  different  from 
what  would  happen  if  the  ozone  level  changed.  I think 
the  benefits  of  cleaning  up  cities,  given  the  ill  effects  of 
pollution  on  eyes,  lungs,  and  so  on,  would  certainly 
outweigh  a very  few  more  cases  of  skin  cancer. 

(UNIDENTIFIED):  It  seems  to  me  from  what  we  know 
about  climatic  changes  over  the  last  hundred  years,  and 
in  particular  the  last  25  years,  that  the  climatic  studies 


we  have  seen  from  CIAP  on  grain  production  and  the 
like  are  very  valuable,  although  a 1°C  change  is  really  a 
climatic  fluctuation,  not  a major  climatic  change.  Since 
the  climatic  fluctuations  are  regional,  we  can’t  take  a 
globally-averaged  climatic  change  and  integrate  the 
economic  cost.  There  may  be  simultaneous  cooling  in 
the  Ukraine  and  warming  over  the  U.S.  From  1949  to 
1972  there  was  a very  dramatic  cooling  over  the  U.S., 
while  many  parts  of  the  world  experienced  a warming.  It 
seems  to  me  a fluctuation  of  1°C  globally  would  be  very 
non-linear  locally,  and  I don’t  see  how  you  could 
possibly  integrate  the  economic  effects. 

D’ARGE:  I agree  with  you  that  there  are  regional 
variations.  They  are  accounted  for  in  the  following 
sense:  The  kinds  of  statistical  models  that  were  used 
predict  changes  in  yields,  and  they  reflect  these  shifts 
within  regions  ovet  time.  Obviously,  a global  change  of 
-1°C  may  not  mean  a change  of  -1°C  in  every  area,  but 
we  just  don’t  have  a better  set  of  numbers.  If  you  can 
give  me  the  regional  figures  - I’ll  make  this  a chal- 
lenge - I’ll  give  you  the  regional  economic  effects 
tomorrow. 

(UNIDENTIFIED):  I would  like  to  comment  on  one 
aspect  I haven’t  heard  addressed  here  at  the  CIAP 
conference.  It’s  fairly  obvious  from  some  of  the  findings 
of  the  agricultural  programs  that  ozone  has  quite  an 
influence  on  crop  production.  1 should  like  to  know 
whether  there  might  be  some  beneficial  aspects  of 
stratospheric  ozone  reduction. 

(UNIDENTIFIED):  As  I understand  it.  Dr.  d’Arge,  the 
actual  price  structure  used  for  your  various  crops  was 
what  existed  in  1972.  In  what  direction  would  your 
results  change  due  to  the  energy  crisis  and  the  resulting 
price  differentials  in  the  agricultural  market? 

D’ARGE:  Well,  in  general  the  costs  for  the  crops  we 
studied  are  underestimates  today,  as  are  the  heating 
costs  and  urban  costs  (which  reflect  1972  fuel  prices) 
and  all  of  the  indirect  costs  involved,  such  as  construc- 
tion (which  are  based  on  the  1972  prices).  There  is  a 
new  price  structure  now.  One  can  argue  that  those 
values  should  be  adjusted  upwards  to  reflect  the  new 
price  structure,  but  a logical  argument  can  also  be  made 
that  what  we  are  observing  now  is  a brief  anomaly 
relative  to  the  length  of  time  involved  in  climatic 
change,  and  therefore  one  should  look  at  long-run 
values,  which  are  better  illustrated  by  1972  figures. 
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ABSTRACT:  The  attainment  of  ultra-iow  oxides-of-nitrogen  (NOx)  emissions  levels  in  aircraft  turbine 
engines,  at  cruise  and  other  high-power  operating  conditions,  will  require  combustors  which  are 
significantly  different  and  more  complex  than  current  combustors.  Specifically,  in  ultra-low-NOx 
combustors,  features  will  be  needed  to  vaporize  the  fuel  and  fully  mix  it  with  all  of  the  available 
combustion  air  upstream  of  the  combustion  zone,  since  both  theoretical  considerations  and 

i experimental  investigations  show  that  very  low  NOx  levels  may  be  obtained  in  combustors  if  the 

combustion  process  is  carried  out  with  uniform,  all-gaseous,  and  very  lean  fuel-air  mixtures.  The  use  of 
such  provisions  will,  in  turn,  probably  require  variable  combustor-airflow-distribution  capabilities  so 
that  satisfactory  performance  may  be  obtained  at  low-power  operating  conditions,  as  well  as  at  cruise 
and  the  other  high-power  operating  conditions.  Ultra-low-NOx  combustors  will  thus  embody  major 
departures  from  the  combustor  design  technology  used  in  the  most  modern  operational  engines,  and 
will  also  be  much  more  advanced  than  the  low-emissions  combustors  currently  being  developed  to 
meet  the  emissions  standards  prescribed  for  ground-level  engine  operating  conditions.  The  apparent 
necessity  for  fuel-air  premixing  to  obtain  ultra-low  NOx  emissions  levels  is  a particularly  significant 
departure  from  current  combustor  design  practice;  it  is  an  area  of  considerable  concern  because  of  fuel 
pre-ignition,  flame  flashback,  and  carbon-deposition  problems  and  their  serious  consequences. 
Accordingly,  extensive  applied  research  and  exploratory  development  efforts  appear  to  be  needed  to 
establish  the  feasibility  and  practicality  of  obtaining  ultra-low  NOx  emissions  levels  in  combustors,  to 
evolve  suitable  ultra-low-NOx  combustor  design  concepts  and  to  provide  the  required  design- 
technology  base  for  this  totally  new  type  of  combustor. 


INTRODUCTION 

The  combustors  used  in  modern  aircraft 
turbine  engines  must  be  capable  of  meeting 
stringent  performance  and  operational  require- 
ments over  wide  ranges  of  engine  operating 
conditions.  Based  on  design  technology  acquired 
over  a period  of  many  years,  combustors  in 
current  use  have  been  successfully  designed  and 
developed  to  meet  these  exacting  requirements. 
The  need  for  reduced  pollutant-emissions  levels 
adds  a new  set  of  requirements  to  those  already 
imposed.  Extensive  efforts  to  develop  technology 
for  the  design  of  combustors  with  reduced 
carbon  monoxide  (CO),  unburned-hydrocarbons 
(CxHy),  and  oxides-of-nitrogen  (NOx)  emissions 
levels  are,  therefore,  under  way. 

The  primary  intent  of  this  paper  is  to 
provide  a brief  description  of  the  combustor 
design-technology  advances  needed  to  obtain 
ultra-low  NOx  emissions  levels  in  future  aircraft 
turbine  engines.  This  presentation  summarizes 


the  typical  combustor  performance  requirements 
of  modern  operational  aircraft  turbine  engines 
and  the  status  of  the  NASA/General  Electric 
Experimental  Clean  Combustor  Program,  whiclt 
is  presently  under  way  to  develop  low-emissions 
combustors  for  use  in  these  engines.  The  con- 
ceptual combustor  design  features  needed  to 
obtain  NOx  emissions  levels  significantly  lower 
than  those  provided  by  the  combustor  design 
concepts  evolved  in  the  NASA  Experimental 
Clean  Combustor  Program  are  also  outlined, 
along  with  brief  descriptions  of  the  key  develop- 
ment concerns  associated  with  these  advanced 


conceptual  design  features. 

Originally,  this  presentation  was  prepared 
only  as  a lecture  to  be  delivered  at  the  CIAP  4 


conference,  and  no  written  text  for  publication 
was  composed.  However,  copies  of  the  slide 
charts  used  in  the  presentation  are  given  in  the 
following  pages.  They  are  supplemented  by  brief 
accompanying  descriptions  of  the  key  points 
contained  in  each  chart. 
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CF6-50  ENGINE  COMBUSTOR 


Chart  1 - CF6-50  Engine  Combustor 


is  introduced  by  30  pressure-atomizing  fuel 
nozzles.  As  in  almost  all  current-technology 
combustors,  the  fuel  is  injected  directly  into  the 
primary  combustion  zone,  where  it  is  atomized 
and  mixed  with  the  primary-zone  airflow,  and 
where  most  of  the  combustion  process  occurs. 
With  this  basic  design,  the  very  hot  combustion 
gases  are  carefully  confined  within  the  cooling 
liners  of  the  combustor,  so  that  any  possibilities 
of  combustor  hardware  burnout  problems  due  to 
pre-ignition  or  flame-flashback  phenomena  are 
avoided. 


A cross-sectional  illustration  of  a current- 
technology  combustor,  typical  of  those  in  use  in 
modern  aircraft  turbine  engines,  is  shown  in 
Chart  1.  This  specific  combustor  is  used  in  the 
General  Electric  CF6-50  turbofan  engine,  which 
is  a commercial  transport  aircraft  engine  in  the 
50,000-pound  (224  kN)  thrust  class.  This  annular 
combustor  is  an  advanced,  short-length,  long-life 
design  which  has  been  developed  to  meet  the 
performance  requirements  of  the  CF6-50  engines 
and  to  operate  with  very  low  smoke-emission 
levels.  In  this  annular  combustor  design,  the  fuel 


A photograph  of  the  CF6-50  combustor  is 
shown  in  Chart  2.  In  this  photograph  may  be 
seen  the  30  dome  swirl  cups,  into  which  the  30 
fuel  nozzles  are  installed,  and  the  details  of  the 
inner  and  outer  cooling  liners. 


Chart  3 - Key  Performance/Operating  Requirements 
CF6-50  Engine  Combustor 


Some  of  the  important  steady-state  perfor- 
mance and  operating  requirements  of  the  CF6-50 


Chart  2 - CF6-50  Engine  Combustor  Assembly 
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engine  combustor  are  shown  in  Chart  3,  as  an 
illustration  of  the  stringent  performance  and 
broad  operational  capabilities  typically  required 
of  combustors  used  in  modern  aircratt  turbine 
engines.  As  is  illustrated,  these  combustors  must 
be  capable  of  operating  over  wide  ranges  of  inlet 
air  temperatures,  inlet  air  pressures,  and  fuel-air 
ratios,  and  must  be  able  to  meet  exacting 
performance  requirements  over  these  wide 
ranges. 


EXIT  TEMPERATURE  DISTRIBUTION  REQUIREMENTS 

Cft-ttnCINCCOMUSTM 


Chart  4 - Exit  Temperature  Distribution 
Characteristics  - CF6-50  Engine  Combustor 


GROUND  START  REQUIREMENTS 


CF6-50  ENGINE  COMBUSTOR 
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INtfT  AIR  TEMPERATURE 
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RANGE 

-30°F  to  140°F 
(239°KI  to  (333°KI 
0.7  ATM.  to  1.2  ATM. 
0.015  to  0.020 


Chart  5 - Ground-Start  Requirements  - 
CF6-50  Engine  Combustor 

Additional  stringent  sets  of  performance 
requirements  imposed  on  the  combustors  used  in 
modern  aircraft  turbine  engines  are  the  ignition, 
or  ground-start,  requirements.  As  is  illustrated  by 
the  operational  requirements  of  the  CF6-50 
engine  combustor,  presented  in  Chart  5,  these 
combustors  must  be  capable  of  satisfactorily 
igniting  and  providing  acceptable  engine  acceler- 
ation characteristics  over  wide  ranges  of  com- 
bustor operating  conditions. 
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ALTITUDE  RELIGHT  REQUIREMENTS 
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Among  the  most  stringent  sets  of  perfor- 
mance requirements  of  the  combustors  used  in 
modern  aircraft  turbine  engines  are  those  relating 
to  exit  temperature  distribution.  For  example, 
the  exit  temperature  distribution  requirements  of 
the  CF6-50  engine  combustor  are  shown  in  Chart 
4.  As  is  illustrated,  the  average  exit  radial  profile 
must  conform  to  a specified  shape  to  meet 
turbine-rotor  operating  requirements.  Also,  local 
peak  temperatures  must  be  minimized  to  protect 
the  turbine-stator  parts. 





Chart  6 - Altitude  Relight  Requirements  - 
CF6-50  Engine  Combustor 

Still  other  stringent  performance  require- 
ments imposed  on  the  combustors  used  in 
modern  aircraft  turbine  engines  are  those  gov- 
erning altitude  relight.  As  an  illustration,  the 
altitude  operating  flight  envelope  of  the  CF6-50 
engine  and  its  associated  combustor-inlet  air- 
pressure  levels  are  shown  in  Chart  6.  The  CF6-50 
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engine  combustor  must  be  capable  of  satisfacto- 
rily igniting  and  providing  acceptable  engine 
acceleration  characteristics  at  any  point  within 
this  envelope,  which  includes  some  severe  sub- 
atmospheric-pressure  operating  conditions. 

The  combustors  presently  in  use  in  modern 
operational  aircraft  turbine  engines  have  been 
successfully  developed  to  meet  these  require- 
ments and  those  previously  described.  They  have 
also  been  developed  to  operate  with  low  smoke- 
emission  levels,  and  to  have  long  life.  However, 
this  advanced  development  status  has  required  a 
number  of  years  to  attain,  and  is  the  direct  result 
of  the  increasingly  extensive  design  technology 
that  has  been  steadily  acquired  during  the  past 
twenty  or  more  years. 

EFFECT  OF  PRIMARY  ZONE  STOICHIOMETRY  ON  NOx  LEVELS 


CH'U  ENGINE  COFAtuSTOR 
• FUEL:  KEROSENE 
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Chart  7 - Effect  of  Primary-Zone  Stoichiometry  on 
NOx  Levels  - CF6-50  Engine  Combustor 

Within  recent  years,  requirements  for  re- 
duced gaseous-pollutant  emissions  have  been 
added  to  the  requirements  already  imposed  on 
the  combustors  used  in  aircraft  turbine  engines. 
Extensive  efforts  to  develop  technology  for  the 
design  of  combustors  with  reduced  levels  of  the 
emissions  of  concern  - CO,  CxHy,  and  NOx  - 
are,  therefore,  being  conducted  both  by  govern- 
ment agencies  and  by  aircraft  engine  manufac- 
turers. Progress  has  already  been  made  in  the 
definition  of  approaches  for  reducing  CO  and 
CxHy  emissions  levels.  In  the  investigations 
conducted  to  date,  the  attainment  of  signif- 
icantly lower  NOx  emissions  levels  has  been 
found  to  be  the  most  formidable  emissions 
problem  associated  with  aircraft  turbine  engines 


— especially  in  the  cases  of  the  newer,  high-per- 
formance subsonic-transport  engines  and  the 
supersonic  transport  engines,  because  of  their 
high  combustor-inlet  air  temperatures. 

Investigations  conducted  at  General  Electric 
have  shown  that  the  only  fundamental  com- 
bustor design  approach  for  significantly  reducing 
NOx  emissions  levels  involves  the  use  of  much 
leaner  prima  mbustion-zone  fuel-air  mixtures 
than  those  used  in  current-technology  com- 
bustors. Some  typical  results  of  these  investiga- 
tions are  presented  in  Chart  7.  Operation  with 
primary-zone  mixtures  richer  than  those  used  in 
modern  combustors  results  in  modest  NOx-emis- 
sions-level  reductions,  but  also  causes  objection- 
able increases  in  smoke  emission  levels. 

The  use  of  leaner-than-stoichiometric  pri- 
mary-combustion-zone mixtures,  while  effective 
in  reducing  NOx  emissions  levels,  results  in 
excessively  lean  mixtures  at  low-engine-power 
operating  conditions.  As  a result,  the  reduced 
NOx  emissions  levels  are  accompanied  by  large 
increases  in  CO  and  CxHy  emissions  levels  and 
unacceptable  losses  in  ignition  performance. 
Thus,  the  use  of  this  basic  approach  in  current- 
technology  combustors  is  not  feasible.  Some 
form  of  combustion-process  staging  or  variable 
combustor  geometry  is  required. 

NASA  ECCP  DOUBLE  ANNULAR  CF6-50  COMBUSTOR 


Chart  8 - NASA  ECCP  Double-Annular 
CF6-50  Combustor 


In  the  light  of  findings  like  those  shown  in 
Chart  7,  the  efforts  of  the  NASA/General  Elec- 
tric Experimental  Clean  Combustor  Program 
have,  from  the  outset,  been  focused  on  the 
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! definition  and  development  of  advanced  com- 

bustors with  the  combustion-process-staging  de- 
sign features  needed  to  provide  the  required  lean 
primary-combustion-zone  fuel-air  mixtures  at 
high-power  engine  operating  conditions  and  the 
required  richer  mixtures  at  low-power  engine 
operating  conditions.  The  overall  objective  of 
this  program  is  to  develop  technology  for  the 
design  of  advanced  combustors  for  use  in  com- 
mercial-transport aircraft-engine  applications,  to 
permit  compliance  by  these  engines  with  the 
presently  defined  EPA  standards  which  set  limits 
on  the  pollutant  emissions  quantities  that  may  be 
discharged  in  and  around  airports.  In  this  pro- 
gram, the  advanced  combustors  are  being  specifi- 
cally sized  for  use  in  the  General  Electric  CF6-50 
engine.  However,  the  technology  being  generated 
in  this  program  is  intended  to  be  generally 
applicable  to  all  advanced  engines  in  the  large- 
thrust  category. 

One  of  the  two  most  promising  advanced 
combustors  evolved  in  this  program  is  depicted  in 
Chart  8.  This  combustor  features  the  use  of  two 
primary  combustion  zones,  or  domes,  separated 
by  a short  centerbody.  In  this  staged-combustor 
design  concept,  the  outer  dome  is  designed  to 
operate  with  airflows  lower  than  those  supplied 
to  the  inner  dome.  Only  the  outer  dome  is  fueled 
at  idle  and  other  low-engine-power  operating 
conditions.  In  this  manner,  near-stoichiometric 
fuel-air  mixtures  and  long  residence  times,  due  to 
the  low  air  velocities,  are  maintained  in  the  outer 
dome  at  the  low-engine-power  operating  condi- 
tions. As  a result,  low  CO  and  CxHy  emissions 
levels  at  these  operating  conditions  are  obtained. 
At  high-engine-power  operating  conditions,  both 
stages  are  fueled  and  most  of  the  total  fuel  flow 
is  supplied  to  the  inner  dome.  Consequently,  lean 
fuel-air  mixtures  are  obtained  in  both  domes,  and 
very  short  residence  times  are  obtained  in  the 
inner  dome  due  to  its  high  air  velocities.  Low 
NOx  and  smoke  emissions  levels  result. 

Chart  9 - NASA  ECCP  Radial/Axial 
Staged  CF6-50  Combustor 

The  other  promising  advanced  combustor 
evolved  in  this  program  is  depicted  in  Chart  9. 
This  combustor  also  features  the  use  of  two 
combustion  stages,  or  zones.  Here  the  stages  are 
more  nearly  in  series,  and  the  operation  of  the 


NASA  ECCP  RADIAL/ AXIAL  STAGED  CF6-S0  COMBUSTOR 


main  (downstream)  stage  is  very  dependent  on 
the  pilot  (upstream)  stage.  In  this  staged-com- 
bustor design  concept,  only  the  pilot  stage  is 
fueled  at  idle  and  other  low-engine-power  opera- 
ting conditions.  Because  of  its  relatively  low 
airflows,  near-stoichiometric  fuel-air  mixtures 
and  long  residence  times  are  maintained  in  this 
stage  at  the  low-engine-power  operating  condi- 
tions. As  a result,  low  CO  and  CxHy  emissions 
levels  are  obtained.  At  the  high -engine-power 
operating  conditions,  both  stages  are  operated, 
and  high  proportions  of  the  total  fuel  flow  are 
supplied  to  the  main  stage.  In  this  latter  stage, 
which  handles  a high  percentage  of  the  total 
combustor  airflow,  the  fuel  is  premixed  to  some 
degree  with  its  airflow,  and  therefore  the  re- 
sulting fuel-air  mixtures  that  flow  into  its  com- 
bustion zone  are  lean  and  relatively  uniform.  The 
burning  of  these  lean  mixtures  is  stabilized  by 
the  pilot  stage  of  the  combustor.  Because  of 
these  main-stage  design  features,  low  NOx  and 
smoke  emissions  levels  are  obtained. 


NASA  ECCP  CF&-50  COMBUSTORS 

GROUND  IfVCl  OMISSIONS  CHARACTERISTICS 
• Hill  KEROSENE 


Chart  10  - NASA  ECCP  CF6-50  Combustors  - 
Ground-  Level  Emissions  Characteristics 
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The  typical  gaseous-pollutant  emissions 
levels,  at  the  key  ground-level  engine  operating 
conditions,  of  the  two  advanced  CF6-50  com- 
bustors, in  their  present  state  of  development, 
are  compared  to  those  of  the  current-production- 
engine  combustor  in  Chart  10.  In  the  case  of 
NOx  emissions  at  takeoff  operating  conditions,  a 
range  of  NOx  emissions  levels  is  obtained  with 
both  of  the  two  advanced  combustors.  The 
highest  NOx  emissions  levels  were  obtained  when 
the  combustion-process  staging  was  adjusted  to 
provide  combustion  efficiencies  comparable  to 
those  of  the  current  production  combustor. 
However,  even  the  highest  NOx  emissions  levels 
of  these  advanced  combustors  are  well  below 
those  of  the  current-production  combustor,  as 
are  the  CO  and  CxHy  emissions  levels. 

NASA  ECCP  CF6-50  COMBUSTORS 

HIGH  ALTITUDE  CRUISE  NO,  EMISSIONS  CHARACTERISTICS 


Chart  1 1 - NASA  ECCP  CF6-50  Combustors  - 
High-Altitude-Cruise  NOx-Emissions  Characteristics 

The  typical  NOx  emissions  levels  at  high- 
altitude-cruise  operating  conditions  of  the  two 
combustors,  both  in  the  CF6-50  engine  and  in  an 
assumed  Advanced  Supersonic  Transport  (AST) 
engine,  are  shown  in  Chart  1 1 . Relative  to  the 
current  production  combustor,  NOx  emissions- 
level  reductions  of  about  50%,  with  acceptable 
combustion-efficiency  performance,  have  been 
obtained  with  the  two  advanced  combustors. 
Significant  trade-offs  between  NOx  emissions 
level  and  combustion  efficiency  have  been  ob- 
served with  these  combustors;  they  are  indicated 
in  Chart  1 1 by  the  cross-hatched  bands.  The  NOx 
emissions  levels  shown  at  the  lower  edges  of 
these  bands  were  obtained  with  combustion 
efficiencies  of  about  99%.  The  NOx  emissions 
levels  at  the  upper  edges  were  obtained  with 


combustion  efficiencies  of  99.7%  or  higher.  A 
combustion  efficiency  of  at  least  99.5%  is  con- 
sidered to  be  essential  at  cruise  conditions  to 
minimize  fuel  consumption. 


NASA  ECCP  RADIAl/ AXIAL  STAGED  CF6-50  COMBUSTOR 
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Chart  12  - NASA  ECCP  Radial/Axial  Staged 
CF6-50  Combustor  - At  AST  Operating  Conditions 

The  radial/axial  staged-combustor  design 
concept  has  been  found  to  have  particularly 
sensitive  NOx-emissions-level  combust  ion -effi- 
ciency-performance trade-off  characteristics,  as  is 
illustrated  in  Chart  12.  Although  quite  low  NOx 
emissions  levels  are  obtainable  at  cruise  operating 
conditions  with  this  combustor  design  concept, 
the  combustion-efficiency  levels  associated  with 
these  very  low  NOx  emissions  levels  are  not 
satisfactory. 

NASA  ECCP  CF6-50  COMBUSTORS 

K£Y  DCS  IGN I DEVELOPMENT  CHALLENGES 

• COMBUSTION  EFFICIENCY  PERFORMANCE  AT  PART  POWER  OPERATING  CONDITIONS 

• CONTROL  OF  EXIT  TEMPERATURE  DISTRIBUTIONS 

• FLAME  FIASHBACK  PREVENTION  IRIA  STAGED! 

• FUEL  SUPPLY  I CONTROL  SYSTEMS  COMPlEXITY 

• EFFECTS  ON  ENGINE  ACCELERATION!  DECELERATION  CHARACTERISTICS 

• PREVENTION  OF  THRUST  TRANSIENTS  DURINC  FUEL  STAGING  CHANGES 


Chart  1 3 - NASA  ECCP  CF6-50  Combustors  - 
Key  Design/Development  Challenges 
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Considerable  progress  has  been  made  in  the 
development  of  technology  for  the  design  of 
these  advanced  combustors.  However,  they  are 
Considerably  more  complex  and  sophisticated 
than  current-technology  combustors,  and  they 
embody  significant  departures  from  the  com- 
bustor design  practices  and  technology  currently 
found  in  even  the  newer  operational  engines. 
Accordingly,  many  aspects  of  their  performance 
and  operating  capabilities  are  unknown,  and  only 
very  limited  technology  and  criteria  for  their 
design  and  development  are  in  hand.  Because  of 
these  factors,  several  more  years  of  technology 
development  appear  to  be  needed  before  versions 
of  these  advanced  staged-combustor  design  con- 
cepts may  be  considered  for  use  in  operational 
engines.  Some  of  the  key  design  and  develop- 
ment concerns  that  must  be  resolved  are  shown 
in  Chart  13.  Efforts  to  provide  the  technology  to 
meet  these  challenges  are  under  way. 


NOx  LEVELS  OBTAINABLE  WITH  LEAN  FUEL-AIR  MIXTURES 

• KFUENCC:  HUSH  TMWIM?  • FUC1:  FHOPMC 


KSICNCI  TIM  INIUIHCONM I 


Chart  14  - NOx  Levels  Obtainable  with 
Lean  Fuel- Air  Mixtures 


Even  with  advanced  combustor  design  con- 
cepts like  those  being  evolved  in  the  NASA 
Experimental  Clean  Combustor  Program,  high- 
altitude-cruise  NOx  emissions-levels  reductions 
by  much  more  than  a factor  of  two  da  not 
appear  likely.  From  theoretical  considerations, 
an  ideal  combustion  process  involving  lean,  all- 
gaseous,  and  uniformly  mixed  fuel-air  mixtures 
would  be  expected  to  provide  lower  NOx  emis- 
sions levels  at  mixture  pressure  and  temperature 
operating  conditions  similar  to  those  in  the 
ECCP.  The  feasibility  of  obtaining  very  low  NOx 
emissions  levels  with  such  fuel-air  mixtures  has 


already  been  experimentally  demonstrated  in 
laboratory  combustors.  Some  results  of  a signifi- 
cant investigation  of  this  kind  are  shown  in  Chart 
14.  With  very  lean  mixtures,  NOx  emissions 
indices  below  2 were  obtained,  with  realistic 
combust  ion -zone  residence  times  and  with 
reasonable  combustion  efficiencies.  All  NOx 
emissions  indices  shown  in  this  plot  were  ob- 
tained with  combustion  efficiency  levels  of 
99.25%  or  higher,  with  the  higher  efficiencies 
being  obtained  with  the  longer  residence  times. 
For  a combustion  efficiency  of  99.7%,  residence 
times  of  about  1.8  and  1.1  milliseconds,  respec- 
tively, were  needed  with  the  0.4  and  0.5  equiv- 
alence-ratio mixtures.  These  results  suggest  that 
the  NOx  emissions  levels  of  aircraft  turbine 
engines,  at  high-altitude-cruise  operating  condi- 
tions, could  possibly  be  reduced  by  a factor  of 
10  or  more. 


ULTRA-LOW  NOx  COMBUSTOR-CONCEPTUAL  DESIGN 


Chart  15  - Ultra-Low-NOx-Combustor 
Conceptual  Design 


The  application  of  these  ideal-combustion- 
process  approaches  in  engine  combustors  will 
involve  provisions  for  vaporizing  the  fuel  and 
fully  mixing  it  with  all  of  the  available  combus- 
tion air  upstream  of  the  combustion  zone  - at 
cruise  and  other  high-engine-power  operating 
conditions.  A conceptual  combustor  design  with 
such  provisions  is  shown  in  Chart  15.  Since  such 
a design  would  not  provide  satisfactory  per- 
formance at  ignition  and  low-engine-power 
operating  conditions,  additional  provisions  for 
injecting  the  fuel  into  part  of  the  combustion 
zone,  at  these  low-engine-power  operating  condi- 
tions, would  also  be  needed.  Even  with  such 


fuel-injection  capabilities,  variable-geometry  fea- 
tures to  reduce  the  quantities  of  air  admitted 
into  the  combustion  zone  at  low-engine-power 
operating  conditions  would  probably  also  be 
needed.  A combustor  with  these  design  features 


115 


BAHR 


would  be  very  different  from  current-technology 
combustors,  and  even  much  more  advanced  than 
the  combustors  being  evolved  in  the  NASA 
Experimental  Clean  Combustor  Program.  The  use 
of  fuel-air  premixing  upstream  of  the  combustion 
zone,  which  is  an  essential  feature  of  such  a 
combustor  design  concept,  is  a particularly  signif- 
icant departure  from  current  design  practice. 

MAJOR  DESIGN/DEVELOPMENT  CONCERNS 

ULTRA -10W  NO,  COMBUSTORS 

• COMPLEXITY  OF  OPERATION 

- COMBUSTION  AIRFLOW  MODULATION 

- FUEL  FLOW  STAGING 

- SYNCHRONIZATION  Of  AIRFLOW/FUEL  CONTROL  CONTROLS 

• THRUST  TRANSIENTS  DURING  AIRFLOW/FUEl  FLOW  STAGING 

• EFFECTS  ON  ENGINE  ACCELERATION/  DECELERATION  CHARACTERISTICS 

• COMBUSTION  STABILITY  WITH  LEAN  MIXTURES 

• FUEL  PRE-IGNITION 

• FLAME  FLASHBACK  IN.'O  FUEL-AIR  MIXING  CHAMBER 

• FUEL  DECOMPOSITION/CARBON  DEPOSITION  ON  HOT  PARTS 


ment  efforts  will  be  needed  before  these  feasi- 
bility and  practicality  questions  can  be  satis- 
factorily answered. 


IGNITION 
OELAYTIME 
(SECONDS  I 


FUEL  PRE— IGNITION  DESIGN  CRITERIA 


700  TOO  IN  in 
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Chart  17  - Fuel  Pre-Ignition  Design  Criteria 


Chart  16  - Major  Design/Development  Concerns  - 
Ultra-Low-NOx  Combustors 

Such  advanced  combustors  would  be  in- 
herently much  more  complex  and  sophisticated 
than  current-technology  combustors.  Some  of 
the  key  design  and  development  concerns  asso- 
ciated with  such  combustors  are  shown  in  Chart 
16.  Providing  for  and  accommodating  upstream 
fuel-air  premixing  would  necessitate  provisions 
for  both  fuel-flow  staging  and  airflow  modula- 
tion. The  development  of  such  capabilities  is 
expected  to  be  a very  formidable  challenge.  The 
basic  combustion-process  stability  obtainable 
with  very  lean  mixtures  is  also  a major  area  of 
concern.  Such  mixtures  are  near  the  lean  inflam- 
mability limits  of  hydrocarbon-air  mixtures,  and, 
in  addition,  are  very  susceptible  to  combustion- 
process  oscillations,  which  have  a variety  of 
causes.  Foremost  among  the  concerns  are  the 
possible  consequences  of  upstream  fuel-air  pre- 
mixing, which  opens  the  possibility  of  fuel 
pre-ignition,  flame  flashback,  and/or  carbon- 
deposition  problems  in  the  premixing  zone.  Any 
such  occurrences  can  have  catastrophic  con- 
sequences. Thus,  the  feasibility  and  practicality 
of  incorporating  such  advanced  design  concepts 
and  features  into  the  combustors  of  operational 
engines  cannot  be  accurately  assessed  at  this 
time.  Major  research  and  technology  develop- 


Typical ignition-delay  data  for  kerosene-air 
mixtures  are  shown  in  Chart  17.  These  data  were 
obtained  in  investigations  conducted  at  General 
Electric.  They  illustrate  the  importance  of  main- 
taining short  average  and  local  gas  residence 
times  in  the  premixing  zones  of  ultra-low-NOx 
combustors.  At  pressures  above  10  atmospheres 
and  temperatures  above  1 100°F,  very  short  local 
gas  redden ce  times  within  the  premixing  zones 
are  essential  to  prevent  ignition.  In  a combustor 
with  such  premixing  features,  pre-ignition  of  the 
fuel-air  mixtures  could  result  in  rapid  burnout  of 
the  downstream  combustor  parts. 

FLAME  FLASHBACK  TEST  OATA  (PREMIXING  COMBUSTOR) 

• FIRl:  tt«osn« 


FUCl  - Hill  MIXTUK  «U0CI1YI»II 


Chart  18  - Flame-Flashback  Test  Data 
(Premixing  Combustor) 
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Typical  flame-flashback  data,  obtained  in 
General  Electric  investigations,  are  shown  in 
Chart  18.  These  data  illustrate  '.he  importance  of 
maintaining  high  average  and  local  gas  velocities 
in  the  premixing  zone  to  minimize  flashback 
tendencies.  In  a combustor  with  premixing  fea- 
tures, any  flame  flashback  into  the  premixing 
zone  could  result  in  rapid  burnout  of  the 
downstream  combustor  parts. 

ULTRA-LOW  NOx  COMBUSTORS 

TECHNOLOGY  DEVELOPMENT 

• RESEARCH  & EXPLORATORY  DEVELOPMENT 

- FUEL  PRE-IGNITION/FLAME  FLASHBACK  SUPPRESSION 

- FUEL  PRE-MIXING  METHOOS 

- LEAN  MIXTURE  COMBUSTION  CHARACTERISTICS 

» EXPLORATORY  C0M8UST0R  DEVELOPMENT 

- FUEL  FLOW/AIR  FLOW  STAGING  ICEDS 

- PERFORMANCE  ATTAINABLE 

• PROTOTYPE  COMBUSTORS  DESIGN/OEVELOPMENT 

• PROTOTYPE  FUEL  CONTROL  SYSTEMS  DESIGN/DEVELOPMENT 

• ENGINE  DEVELOPMENT/  DEMONSTRATION  TESTING 


Chart  19  - Ultra- Low-NO 
Technology  Development 


Ultra-Low-NOx  Combustors  - 


Extensive  applied  research  and  technology- 
development  efforts  will  be  needed  to  establish 
the  feasibility  and  practicality  of  obtaining  ultra- 
low  NOx  emissions  levels  in  combustors,  to 


evolve  suitable  ultra-low-NOx  combustor  design 
concepts,  and  to  provide  the  required  design 
technology  base  for  this  very  new  and  different 
type  of"  combustor.  The  key  sequential  steps 
envisioned  for  these  needed  research  and  de- 
velopment efforts  are  shown  in  Chart  19. 


SUMMARY 


• FORMIDABLE  TECHNICAL  CHALLENGE 

• NEW  COMBUSTOR  OES IGN  TECHNOLOGY  BASE  NEEOEO 

• MAJOR  COMBUSTOR/ENGINE  DEVELOPMENT  EFFORTS  REQUIRED 

Chart  20  - Summary 

The  attainment  of  ultra-low  NOx  emissions 
levels  at  high-altitude-cruise  operating  conditions 
in  future  aircraft  turbine  engines  is  expected  to 
be  a very  major  and  challenging  task.  Compared 
to  the  levels  obtainable  with  current-technology 
combustors,  NOx  emissions-levels  reductions  of 
about  50%  appear  to  be  obtainable  with  ad- 
vanced staged  combustors,  like  those  currently 
being  evolved  in  the  NASA  Experimental  Clean 
Combustor  Program.  Significantly  greater  reduc- 
tions will  require  the  use  of  totally  new  and 
different  combustor-design  approaches  and 
technology.  These  approaches  will  require  very 
substantial  technology-development  efforts. 
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ABSTRACT:  This  paper  briefly  describes  the  mode)  used  in  selecting  aircraft  fleet  mixes  for  various 
1990-2000  scenarios,  discusses  the  scenarios,  and  presents  the  passenger  and  cargo  distribution  by 
plane  type  for  each  scenario.  It  then  explains  the  model  and  base  data  used  to  calculate  the  emission 
of  various  pollutants  for  each  fleet,  and  gives  the  results  broken  down  by  altitude  and  latitude  band. 


INTRODUCTION 

This  paper  describes  the  geographical  loca- 
tion and  altitude  distribution  of  aircraft  in  the 
stratosphere  in  the  1990-2000  decade.  The 
methodology  of  predicting  air  travel  using  a 
scenario  approach  was  described  at  the  Third 
Conference  on  CIAP  (English,  1974),  so  the 
emphasis  here  will  be  on  the  size  of  future 
supersonic  fleets  and  the  estimation  of  emissions. 

Also,  in  addition  to  satisfying  the  upper- 
bound  traffic  demand  with  no  constraints  on 
supersonic  technology  (excepting  the  ban  on 
overland  flights),  other  supersonic  scenarios  were 
considered.  The  primary  scenario  assumed  that 
an  advanced  supersonic  transport  would  be  built 
and  that  the  demand  for  air  travel  would  be 
divided  between  subsonic  and  supersonic  modes. 
However,  other  possibilities  that  were  considered 
were: 

a.  No  Supersonic  Transport.  This  scenario 
assumes  that  for  technical  or  market 
reasons,  or  because  of  prohibition  on  its 
operation,  the  SST  is  just  a transient 
phase  in  air-transport  development,  and 
by  1990  it  has  disappeared  completely 
from  the  scene. 

b.  No  Advanced  Supersonic  Transport. 
This  scenario  falls  between  the  primary 
scenario  and  that  of  no  supersonic 
transport.  Due  to  primarily  economic 
reasons,  no  country  is  prepared  to 
undertake  the  expensive  research  and 
development  program  to  build  an  ad- 


vanced long-range  supersonic  transport. 
Accordingly,  the  present  Concorde  and 
Tupolev  supersonic  transports  will  be 
the  only  types  available  to  compete 
with  subsonic  transports. 

Both  of  the  above  scenarios  were  treated 
only  for  the  upper-bound  traffic  predictions. 

AIRCRAFT  SELECTION  MODEL 

Future  aircraft  fleets  were  selected  to  service 
the  demand  on  each  route  according  to  a profit 
criterion.  A supersonic  premium  of  1.4  times  the 
average  subsonic  fare  was  used  in  the  model.  (A 
higher  fare  for  supersonic  travel  is  essential  to 
recover  the  anticipated  higher  fuel  and  capital 
costs  for  supersonic  aircraft.)  Supersonic  flight 
within  the  contiguous  U.S.  and  Europe  was  not 
permitted,  but  it  was  allowed  within  the 
U.S.S.R.,  South  America,  Africa,  and  parts  of 
Asia.  Supersonic  flight  was  permitted  for  ocean 
crossing  and  over  lightly  populated  areas.  In 
addition,  supersonic  flight  was  allowed  on  routes 
where  it  would  be  necessary  to  have  subsonic 
segments  at  each  end  to  avoid  sonic  booms  over 
populated  areas.  A subroutine  was  used  to 
allocate  passenger  demand  to  supersonic  aircraft 
on  the  basis  of  the  passengers’  willingness  to  pay 
the  incremental  cost  for  time  saved.  The  value  of 
time  used  was  that  developed  by  Lockheed 
(1973).  The  specifications  of  aircraft  that  will  be 
flying  from  1990-2000  are  given  in  Table  1. 

Suitable  aircraft  are  filled  with  passengers  at 
variable  load  factors  and  passenger  revenue  for 
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Table  1.  Characteristics  of  Available  Flight  Systems’ 


Transport 

Range 

(km) 

Passenger 

Capacity 

All-Cargo 

Capacity 

(kg) 

Secondary 
Cargo  (kg) 

Cruise 

Mach 

Gross 

Weight  (kg) 

Operational 

Date 

Extended  small  3-jet 

4,000 

170 

0 

0 

0.82 

99.000 

1977 

SST 

6,100 

105 

0 

0 

2.00 

174,000 

1975 

Narrow-body  4-jet 

9,500 

145 

40,800 

9,000 

0.82 

152,000 

Present 

Large  4-jet 

9,500 

380 

108,000 

45,000 

0.86 

350,000 

Present 

Large  3-jet 

5,500 

270 

56,600 

18,000 

0.83 

200,000 

Present 

Long-range  3-jet 

9,200 

270 

70,000 

36,200 

0.83 

252,000 

Present 

Small  3-jet 

3,200 

140 

0 

2,200 

0.82 

70,000 

Present 

Large  2-jet 

3,500 

230 

0 

11,000 

0.82 

150,000 

1975 

Long-range  4-jet 

10,000 

285 

72,500 

11,000 

0.87 

299,000 

1978 

Large  advanced  SST 

7,400 

295 

0 

0 

2.70 

350,000 

1987 

Very  large  4-jet 

12,000 

600 

140,000 

54,000 

0.89 

420,000 

1981 

Hypersonic 

7,400 

235 

0 

0 

6.00 

210,000 

2015 

Advanced  very  large 

12,000 

1,000 

187,000 

82,000 

0.82 

1990 

‘Sources:  Boeing  (1973),  Petersen  and  Waters  (1972),  Douglas  (1974),  NASA  (1973) 


the  single-route  cycle  computed.  If  the  aircraft 
can  carry  belly  cargo,  the  cargo  demand  for  the 
route  is  served  first  by  carrying  belly  cargo  in  the 
passenger  aircraft,  before  assignment  of  any 
cargo  to  an  all-cargo  aircraft.  The  remainder  of 
the  route  cargo  demand  is  then  served  by 
all-cargo  aircraft  of  the  same  type,  providing  an 
all-cargo  aircraft  of  the  passenger  type  is  available 
within  the  set.  If  not,  an  all-cargo  aircraft  is 
selected  on  the  basis  of  profitability  to  serve  the 
remainder  of  the  route’s  cargo  demand. 

The  net  route  profit  on  this  flight  system 
subset  is  computed  as  a single  value.  Profit  for  all 
other  combinations  of  passenger  and  cargo  air- 
craft are  then  computed,  and  the  subset  with  the 
maximum  net  route  profit  is  selected  to  serve  the 
route. 

The  number  of  aircraft  needed  to  serve  the 
route  demand  is  determined  on  the  basis  of  route 
flight  time  and  the  daily  utilization  which  may 
be  expected  from  each  aircraft.  The  world  fleet  is 
obtained  by  summing  the  aircraft  requirements 
over  all  of  the  world  routes. 

PREDICTED  AIR  FLEETS 

The  total  number  of  aircraft  required  on  the 
basis  of  the  selection  model  to  service  the 
different  scenarios  described  previously  is  shown 
in  Tables  2 and  3.  The  fleet  is  calculated  to  carry 


the  summer  peak  traffic  level,  which  traditionally 
runs  25%  above  the  yearly  demand.  It  should  be 
noted  that  this  represents  an  additional  element 
of  conservatism.  Actually,  peak  loads  may  be 
accommodated  in  part  by  reduced  load  factors  in 
the  off-season  period  and  corresponding  crowd- 
ing during  the  peak  season.  Also,  no  allowance  is 
made  for  changed  route  demands  that  might 
occur.  For  example,  the  southern  hemisphere’s 
traffic  demand  pattern  will  be  out  of  phase  with 
the  northern  hemisphere’s. 


Upper-Bound  Fleet 


Even  with  the  economic  climate  extremely 
favorable  for  growth  of  air  transport,  it  is 
difficult  to  conceive  that  the  air-transport  indus- 
try, on  a world  scale,  will  account  by  1990  for 
more  than  1 700  billion  passenger-kilometers  for 
passengers  and  300  billion  tonne-kilometers  for 
cargo.  Most  of  the  passenger  travel  and  all  of  the 
cargo  will  still  be  accommodated  by  subsonic  jets 
flying  at  altitudes  well  below  12  km.  This  traffic 
translates  into  5300  aircraft  on  routes  longer 
than  700  km  (the  route  segment  length  at  which 
an  aircraft  may  fly  in  the  stratosphere  for  an 
appreciable  time).  All  of  these  aircraft  are  large, 
averaging  approximately  440  seats  per  airplane. 
A significant  part  of  the  traffic  will  be  carried  in 
an  advanced  7e-scale  aircraft,  exceeding  the 
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Table  2.  Predicted  Commercial  World  Fleets  for  Upper-Bound  and  Most-Likely  Scenarios 


Scenario 
Ns  Year 

Transport^v 

Type  N. 

Historical 

Upper-Bound 

Most-Likely 

1970 

Actual* 

1970  Model- 
Predicted 
Pass.  Cargo 

1980 

Pass.  Cargo 

1990 

Pass.  C argo 

2000 

Pass.  Cargo 

1980 

Pass.  Cargo 

1990 

Pass.  Cargo 

2000 

Pass.  Cargo 

Subsonic 

Twin  engine** 

1200 

Narrow-body  4-jet 

1500 

82  24 

216  13 

166  11 

Small  3-jet 

1200 

266 

100 

71 

Large  2-jet 

20 

149 

1623 

21 

87 

763 

Large  3-jet 

18  18 

31  2 

324  114 

1641  1031 

31  4 

183  78 

674  460 

Long-range  3-jet 

2906  15 

57  141 

3985  569 

2033  14 

69  94 

1523  267 

Extended  small  3-jet 

27 

259 

768 

23 

161 

374 

Large  4-jet 

531  3 

37  105 

3060  217 

601  1388 

10  85 

1490  130 

156  646 

Very  large  4-jet 

3 

10  50 

■ 06  215 

14  26 

3 108 

Long-range  4-jet 

152  9 

103 

2 

75  1 1 

1 7 

Advanced  very  large 

465  270 

1213  1362 

246  177 

342  528 

TOTAL 

3900 

897  45 

3337  138 

4476  801 

10040  4565 

2355  116 

2325  516 

3836  2016 

Supersonic 

SST 

51 

42 

LASST 

440 

1855 

241 

615 

TOTAL 

51 

440 

1855 

42 

241 

615 

•Sources:  World  Airline  Record  i 1971),  World  Aviation  Directory  (1971) 

••  A short-  to  medum-range  jet  with  80-1 30  passenger  capacity,  which  almost  never  Hies  in  the  stratosphere. 


Table  3.  Commercial  World  Fleets  for  No-Advanced-SST  and  Supersonic-Ban  Scenarios 


v.  Scenario 

No  Advanced  SST 

Supersonic  Ban 

Transport  S. 

Type 

Pass. 

1990 

Cargo 

Pass. 

1990 

Cargo 

2000 

Pass. 

Cargo 

Subsonic 

Large  2-jet 

1S1 

48 

1562 

Large  3-jet 

178 

98 

52 

4 

2046 

11 

Long-range  3-jet 

53 

145 

133 

33 

4890 

4 

Extended  small  3-jet 

206 

146 

387 

Large  4-jet 

3490 

238 

3412 

265 

mi 

2219 

Very  large  4-jet 

3 

36 

55 

14 

150 

189 

Long-range  4-jet 

120 

1 

51 

Advanced  very  large 

542 

203 

679 

244 

1860 

938 

TOTAL 

4743 

721 

4576 

560 

12006 

3361 

Supersonic 

SST 

Large  advanced  SST 

379 

TOTAL 

379 

0 

0 

0 

0 

0 
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capacity  of  the  present  Boeing  747  by  a factor  of 
more  than  two.  Even  with  the  industry  reaching 
or  approaching  maturity  by  the  year  2000, 
traffic  could  be  more  than  double  that  of  1990. 

The  1990  supersonic  fleet  will  consist  of  440 
large  advanced  supersonic  transports.  This  cor- 
responds to  20%  of  traffic  on  admissible  routes 
being  captured  by  an  SST. 

The  advanced  SST  would  supersede  the 
present  Concorde  and  Tupolev  types  and  be 
flying  at  an  altitude  of  18-21  km  during  the 
supersonic  flight  regime.  Of  the  reasonably  high 
utilization  time  - 8 hours  per  day  - only  slightly 
more  than  half  would  be  at  this  high  altitude. 
Nevertheless,  the  fuel  burned,  predominantly 
over  the  North  Atlantic,  would  amount  to 
26  X 109  kg/year. 

The  study  was  carried  out  by  considering  the 
market  potential  only,  without  consideration  for 
the  significant  technological  difficulties  attached 
to  development  and  production  of  an  advanced 
SST.  Even  if  a crash  SST  program  were  initiated 
today,  it  is  highly  unlikely  that  there  would  be 
significant  numbers  of  large  advanced  SST’s  in 
operation  by  1990.  On  the  other  hand,  it  is 
conceivable  that  the  market  might  demand  440 
SST  aircraft,  and  the  precise  time  at  which 
production  could  catch  up  to  this  need  is  not 
important.  If  the  urgency  were  sufficient,  it 
could  certainly  be  some  time  before  2000.  Cargo 
aircraft  will  play  an  increasingly  important  role, 
since  the  demand  for  air  cargo  is  predicted  to 
grow  at  a faster  rate  than  for  passenger  travel.  In 
1990  the  cargo  fleet  will  be  comprised  of  801 
aircraft,  of  which  the  dominant  types  will  be  the 
large  4-jets  and  the  ACX,  the  large  advanced 
transport.  These  aircraft  types  will  also  be 
dominant  in  2000  when  the  total  cargo  fleet  will 
have  increased  to  4565  aircraft,  approximately 
half  the  subsonic  passenger  fleet. 

Mo  st -Likely  Fleet 

The  most-likely  fleet  will  be  similar  in 
composition  to  that  of  the  upper-bound  fleet, 
though  the  numbers  will  be  smaller.  A fleet  of 
2355  subsonic  and  42  supersonic  aircraft  is 
predicted  for  1980.  By  1990  the  supersonic  fleet 
will  have  increased  to  241  LASST’s,  approxi- 
mately half  the  upper-bound  fleet.  The  subsonic 
passenger-fleet  size  in  1990  will  drop  slightly 
below  the  1980  number,  though  the  productivity 


will  have  increased  due  to  the  selection  of 
larger-capacity  aircraft.  The  1990  subsonic  and 
supersonic  passenger  fleet  will  also  be  approxi- 
mately half  the  1990  upper-bound  fleet.  A cargo 
fleet  of  516  aircraft  is  predicted  for  1990.  Again, 
the  dominant  types  will  be  the  L4J  and  the  ACX. 
The  1990  supersonic  fleet  of  241  aircraft  will 
increase  to  615  aircraft  by  the  year  2000. 

No-Advanced-SST  Scenario 

The  scenario  for  the  case  in  which  no  large 
advanced  SST  is  built  was  also  examined  from 
1990.  The  aircraft  fleet  needed  to  carry  the 
upper-bound  traffic  estimate  is  given  in  Table  3. 
The  supersonic  fleet  chosen  comprises  379  SST’s, 
as  compared  with  440  LASST’s  for  the  scenario 
where  the  LASST  was  allowed.  The  subsonic 
passenger  fleet  increases  from  4476  aircraft  for 
the  upper-bound  case  to  4743,  to  provide  addi- 
tional capacity  in  the  absence  of  the  LASST.  The 
number  of  cargo  aircraft,  however,  is  decreased 
from  801  in  the  upper-bound  case  to  721  in  this 
case.  This  is  due  to  the  additional  belly-cargo 
space  available  in  the  larger  subsonic  fleet. 

Supersonic-Ban  Scenario 

For  this  scenario,  a complete  ban  on  super- 
sonic flight  is  examined  for  1990.  This  case  was 
also  based  on  the  upper-bound  traffic  prediction. 
Comparing  it  again  with  the  upper-bound  case, 
there  is  a small  increase  in  the  passenger  aircraft 
fleet  in  1990,  from  4476  to  4576  aircraft.  In 
addition,  there  is  a change  in  the  types  of 
aircraft,  with  the  number  of  ACX  increasing 
from  465  for  the  upper-bound  case  to  670  for 
the  supersonic -ban  scenario.  This  is  necessary  in 
order  to  carry  the  traffic  that  was  formerly 
carried  supersonically.  In  addition,  there  is  a 
drop  in  the  number  of  cargo  aircraft  from  801 
for  the  upper-bound  case  to  560  for  the  super- 
sonic-ban  scenario.  This  is  again  attributable  to 
the  increased  belly-cargo  capacity  of  the  all- 
subsonic  fleet.  (The  same  effect  is  also  obvious 
for  the  fleets  in  the  year  2000.) 

EMISSIONS  CALCULATION  MODEL 

Given  a particular  route,  the  model  deter- 
mines the  grids  through  which  it  passes  and  the 
route  length  through  each  grid.  The  emission  rate 





ENGLISH  ANDKERNAN 


l 


in  tonnes/day  in  each  grid  is  calculated  as 
follows: 


Ei  = L njIiljFj  X 


j=l 


Distance  in  Grid 
Cruise  Speed 


(n=l,...9) 


flows  used  to  calculate  total  emissions,  as  shown 
in  Table  5,  are  also  based  on  present  estimates  of 
future  engine  technology. 

The  basic  flight  profiles  used  to  determine 
the  altitudes  at  which  emissions  occur  are  shown 
schematically  in  Figure  1. 


where 

Ej  = emission  rate  for  ith  emission  species 

Ij  j = emission  index  of  ith  species  for  jth 
aircraft  type 

Fj  = fuel  flow  rate  for  jth  aircraft  type 

nj  = number  of  aircraft  of  jth  type 

The  emission  rate  was  estimated  for  an 
average  day  during  the  period  July  to  August, 
when  air  traffic  is  at  peak  levels.  The  yearly 
average  emission  rate  equals  0.75  of  the  peak 
summer  rate. 

The  emission  indices  used  for  calculating 
engine  emissions  are  given  in  Table  4.  These 
indices  are  typical  of  present  subsonic  and 
supersonic  engines.  In  the  case  of  supersonic 
aircraft,  two  NOx  emission  indices  were  used,  10 
g/kg  for  the  9-12  km  band  (for  subsonic 
climbing  speed)  and  18  g/kg  for  higher  altitude 
bands  (for  supersonic  cruise  speed).  The  fuel 


Table  4.  Engine  Emission  Indices  (g/kg  fuel) 


Emission  Species 

Subsonic 

Supersonic 

Hypersonic 

N°* 

9-12  km 

10 

10 

17 

12-15  km 

7 

18 

17 

15*18  km  and 
above 

- 

18 

17 

CO 

3 

3 

- 

Total 

Hydrocarbons 

0.5 

0.5 

_ 

Soot 

0.02 

0.02 

- 

HjO 

1.25  X 103 

1.25  X 103 

8.9  X 103 

COj 

3.22  x 103 

3.22  X 103 

- 

so2 

1.0 

1.0 

- 

Total  Trace 
Elements 

0.01 

0.01 

- 

Lubricating  Oil 

0.1 

0.1 

- 

Table  5.  Aircraft  Characteristics 


Transport  Types 

Cruise  Speed 
(km/hr) 

year  1980 

Fuel  Flow  (kg/hr) 
year  1990 

year  2000 

Advanced  very  large 

870 

mm 

16100 

16100 

Advanced  subsonic  4-jet 

990 

■S3 

13200 

13200 

Large  2 -jet 

870 

5400 

5400 

6200 

Large  3-jet 

880 

6600 

6600 

7300 

Large  4-jet 

900 

10400 

10900 

10900 

Very  large  4-jet 

930 

| 1 

11800 

11800 

Long-range  3-jet 

890 

7700 

8200 

Long-range  4-jet 

930 

9500 

10400 

Extended  small  3-jet 

900 

3900 

3900 

3900 

Small  3-jet 

870 

3600 

3600 

3600 

Narrow-body  4-jet 

870 

4500 

4500 

4500 

SST 

2130 

19100 

19100 

19100 

Large  advanced  SST 

2880 

40800 

40800 

40800 

Hypersonic 

5410»/6960 

100900*/39200 

100900*/39200 

100900*/39200 

'Specifications  during  climbing  period. 

Sources:  Becker  and  Kirham  (1974),  NASA  (1973),  BAC  (1973) 
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Figure  1.  Representative  flight  profiles. 


The  subsonic  flight  profile  has  a maximum 
cruising  altitude  of  13  km  (42,600  ft),  which  is 
higher  than  that  reached  by  present  subsonic 
types;  at  present  they  rarely  go  above  40,000  ft. 
However,  it  is  anticipated  that  succeeding  genera- 


tions will  be  certificated  to  operate  at  higher 
altitudes  than  are  used  at  present. 

For  supersonic  aircraft,  two  flight  profiles 
are  used.  The  profile  for  present  supersonic  types 
is  based  on  the  Concorde.  It  will  have  a maxi- 
mum cruising  altitude  of  17.5  km  (57,OOOft), 
which  will  be  reached  in  the  final  cruise  stage. 
Future  supersonic  types  are  expected  to  fly 
faster  (Mach  2.7)  and  higher,  cruising  at  a 
maximum  altitude  of  20.5  km  (67,000  ft). 

EMISSIONS 

A summary  of  emissions  by  altitude  band 
and  aircraft  type  for  each  scenario  is  given  in 
Tables  6,  7,  and  8.  It  can  be  noted  that  in  terms 
of  mass  alone,  C02  is  the  largest.  The  lowest 
emissions  were  for  trace  elements  and  lubricating 
oil.  The  insignificant  supersonic  emissions  in  the 
9-12  km  band  were  excluded  from  consideration 
to  simplify  modeling. 

NOx  emissions  above  15  km  are  calculated 
to  increase  from  0 tonnes  per  day  in  1970  to  94 
in  1980.  By  1990,  this  will  have  increased  rapidly 
to  1810,  and  will  reach  7658  tonnes  per  day  by 
the  year  2000. 


Table  6.  Upper-Bound  Global  Emissions  by  Altitude  Band  (tonnes/day,  summer  season) 


Altitude 

Aircraft 

Band 

HjO  X 

CO,  x 

Lub 

Year 

Type 

(km) 

103 

103 

Trace 

Oil 

NOx 

CO 

THC 

Soot 

S02 

1970 

Sub 

9-12 

50 

1250 

0.4 

3.9 

388 

116 

19.4 

0.8 

38.8 

Sub 

12-15 

20 

40 

0.1 

1.3 

94 

40 

6.7 

0.3 

13.3 

Total 

70 

1290 

0.5 

5.2 

482 

156 

26.1 

1.1 

52.1 

1980 

Sub 

9-12 

170 

440 

1.4 

13.8 

1380 

413 

68.8 

2.8 

138.0 

Sub 

12-15 

57.5 

150 

0.5 

4.6 

322 

138 

23 

0.9 

46.0 

Sup 

12-15 

0.9 

2.4 

- 

- 

14 

2 

0.4 

_ 

0.8 

Sup 

15-18 

6.5 

16.8 

0.1 

0.5 

94 

16 

2.6 

0.1 

5.2 

Total 

235.0 

610.0 

2.0 

18.9 

1810 

569 

94.6 

3.8 

190.0 

1990 

Sub 

9-12 

370.0 

960.0 

3.0 

29.9 

2990 

897 

150.0 

6.0 

299.0 

Sub 

12-15 

130.0 

340.0 

1.0 

10.4 

729 

312 

52.1 

2.1 

104.0 

Sup 

15-18 

6.3 

1.6 

0.1 

0.5 

90.4 

15 

2.5 

0.1 

5.0 

Sup 

18-21 

120.0 

310.0 

1.0 

9.6 

1720 

287 

47.8 

1.9 

95.6 

Total 

630 

1620 

5.0 

50.0 

5530 

1500 

252.0 

10.0 

503.0 

2000 

Sub 

9-12 

890 

2230 

7.1 

71.0 

7100 

2130 

355.0 

14.2 

710.0 

Sub 

12-15 

350 

900 

2.8 

27.8 

1950 

835 

139.0 

5.6 

278.0 

Sup 

15-18 

26 

66 

0.2 

2.1 

368 

61 

10.2 

0.4 

20.5 

Sup 

18-21 

510 

1300 

4.1 

40.5 

7290 

1210 

202.0 

8.1 

405.0 

Total 

1770 

4560 

14.0 

142.0 



16708 

4236 

706 

29 

1410.0 
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Table  7.  Most-Likely  Global  Emissions  by  Altitude  Band  (tonnes/day,  summer  season) 


Year 

Aircraft 

Type 

Altitude 

Band 

(km) 

H,OX 

103 

CO,  X 
103 

Trace 

Lub 

OU 

NOx 

CO 

THC 

Soot 

so2 

1980 

Sub 

RSI 

wm 

320 

1 

977 

293 

48.9 

2 

97.7 

Sub 

E&fl 

110 

0.3 

228 

98 

16.3 

0.7 

32.5 

Sup 

15-18 

■9 

2 

- 

11 

2 

0.3 

— 

0.6 

Sup 

18-21 

13.9 

- 

0.4 

78 

13 

2.2 

0.1 

4.3 

Total 

n 

440 

1.3 

13.5 

1294 

406 

67.7 

2.8 

135.1 

2000 

Sub 

RSI 

200 

520 

ra 

16 

1600 

480 

79.9 

19 

160.0 

Sub 

mil 

70 

180 

5.6 

392 

168 

28.0 

i.i 

56 

Sup 

15-18 

3.4 

8.8 

mm 

0.3 

49 

8 

1.4 

0.1 

2.7 

Sup 

18-21 

67 

170 

0.5 

5.4 

965 

161 

26.8 

1.1 

53.6 

Total 

340 

870 

27.3 

27.3 

3006 

817 

136.1 

5.5 

272.3 

2000 

Oi 

RSI 

340 

2.8 

27.5 

m 

137 

5.5 

275 

m a 

140 

350 

1.1 

Hfl 

54.4 

2.2 

109 

Sup 

15-18 

8.4 

21.6 

0.1 

BY] 

121 

3.4 

0.1 

6.7 

Sup 

1 8 2 1 

170 

440 

1.4 

13.7 

2460 

410 

68.3 

2.7 

137 

Total 

650 

1690 

5.4 

52.8 

6093 

1580 

263.1 

10.5 

527.7 

Table  8.  Upper-Bound  Global  Emissions  by  Altitude  Band  for  Supersonic-Ban  and  No-Advanced-SST  Scenarios 
(tonnes/day,  summer  season) 


Scenario 

Year 

Aircraft 

Type 

Altitude 

Band 

(km) 

H,0  X 
10* 

CO,  X 
103 

Trace 

Lub 

Oil 

NOx 

CO 

THC 

Soot 

so2 

No  Advanced 

1990 

Sub 

RSI 

390 

3.1 

3140 

943 

157 

6.3 

in 

SST 

Sub 

EH 

150 

380 

1.2 

822 

352 

58.7 

2.4 

Knfl 

Sup 

12-15 

5.9 

- 

85 

14 

2.4 

0.1 

K9 

Sup 

15-18 

51.5 

130 

0.4 

4.1 

741 

123 

20.6 

0.8 

ME 

Total 

597 

1535 

4.7 

47.7 

4788 

1432 

238.7 

9.6 

476.9 

Supersonic 

1990 

Sub 

RSI 

El 

1 

3.1 

3140 

941 

157 

6.3 

E9 

Ban 

Sub 

EH 

in 

1.2 

356 

59.3 

2.4 

fcj 

Total 

540 

4.3 

1297 

216.3 

8.7 

a 

2000 

PI 

ESI 

980 

mm 

7.9 

78.6 

2360 

393 

15.7 

786 

mm 

EH 

410 

m 

3.3 

32.8 

2290 

983 

164 

6.6 

328 

Total 

1390 

3580 

11.2 

111.4 

10150 

3343 

557 

22.3 

1114 

For  the  no-advanced-SST  scenario,  emissions 
will  be  confined  below  18  km;  in  the  case  of  the 
supersonic-ban  scenario,  there  will  be  no  emis- 
sions above  15  km. 

The  geographical  distribution  of  N0X  in  the 
18-21  km  band  for  the  upper-bound  scenario  is 
given  in  Figure  2.  Only  emission  rates  higher  than 
1 tonne  per  day  were  indexed,  to  facilitate 
readability.  The  highest  emissions  will  occur  in 
the  rectangle  bounded  by  latitude  40°N  to  60°N 


and  longitude  80°W  to  20°E.  This  zone  covers 
North  America,  the  North  Atlantic,  and  Europe; 
it  corresponds  with  the  heavily  trafficked  air 
routes. 

The  highest  subsonic  NOx  emission  is  41 
tonnes  per  day  in  the  9-12  km  band  which  occurs 
at  40°N,  95°W  near  Chicago;  it  is  due  to  the 
cumulative  effect  of  many  subsonic  intercon- 
tinental flights  in  the  United  States.  The  highest 
supersonic  NOx  emission  is  63  tonnes  per  day  in 


INDEX:  1: 

1 to  10 

5: 

41  to  50 

9:  81  to  90 

2: 

11  to  20 

6: 

51  to  60 

A:  91  to  100 

3: 

21  to  30 

7: 

61  to  70 

4: 

31  to  40 

0: 

71  to  80 

UNIT:  TONNES/DAY 


NOx  emissions  for  supersonic  aircraft  in  the  18  to  21  km  altitude  band  in  1990  (summer 
season). 


the  18-21  km  band  at  45°N,  65°W  over  Prince 
Edward  Island  in  Canada,  because  many  super- 
sonic flights  between  North  America  and  Europe 
are  routed  through  this  region. 

The  latitude  distribution  of  NOx  in  the 
18-21  km  band  for  the  upper-bound  case  is  given 
in  Figure  3.  It  can  be  observed  that  there  are  no 
emissions  above  85°N  and  below  40°S;  no  air 
traffic  is  expected  in  these  latitudes.  The  pattern 
of  latitude  distributions  for  2000  is  expected  to 
be  similar  to  that  for  1990. 

The  bulk  of  NOx  emissions  in  1990  for  the 
9-12  km  band  will  occur  in  latitudes  20°N  to 
60°N.  For  the  12-15  km  band,  77%  of  the 
emissions  will  be  in  the  same  latitude  band,  with 
93%  for  the  15-18  km  band  and  87%  for  the 
18-21  km  band.  Similar  concentrative  effects  in 
this  latitude  band  can  be  expected  for  the  year 
2000.  The  latitude  band  50°N  to  55°N  will  have 
the  highest  concentration  of  emissions  for  the 


Upper-bound  NO,  latitude  distribution; 
18-21  km  altitude  band,  years  1990  and 
2000  (tonnes/day.  summer  season). 


18-21  km  band,  with  500  tonnes  per  day  in  1990 
and  1480  tonnes  per  day  in  2000. 

98%  of  the  total  emissions  will  occur  in  the 
northern  hemisphere. 
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ABSTRACT:  The  global  atmospheric  monitoring  system  and  the  emphasized  low-NOx  combustion 
technology  recommended  by  CIAP  are  very  reasonable.  However,  promulgation  of  regulations  on  the 
basis  of  either  today's  incomplete  knowledge  or  the  “maximum  conceivable”  future  levels  of 
operation  used  in  many  estimates  would  be  unjustified  and  highly  inadvisable. 


I have  been  asked  to  talk  on  the  possible 
impact  of  regulations  which  do  not  exist,  and 
which  may  never  be  needed,  against  a backdrop 
of  possible  engine  technology  developments 
which,  if  realized,  might  or  might  not  result  in 
compliance  with  these  non-existent  regulations. 
If  the  regulations  existed,  and  if  I knew  the 
degree  to  which  contemporary  hardware  would 
or  would  not  comply  with  those  regulations, 
then  I could  better  assess  the  possible  impact  of 
regulations  on  airlines.  Since  neither  is  so  yet,  1 
can  only  discuss  whether  there  is  justification  for 
regulations,  and  what  their  consequences  might 
be. 

Because  of  the  obvious  uncertainties  in 
projections  of  future  world  developments,  and 
our  less-than-complete  scientific  understanding 
of  the  atmosphere,  it  seems  reasonable  and 
appropriate  that  two  objectives  recommended  by 
CIAP  be  pursued.  These  are: 

First,  an  effective  global  atmospheric  moni- 
toring system  should  be  established.  ( Both 
the  stratosphere  and  troposphere  should  be 
monitored  for  a number  of  reasons  besides 
aerospace  activities.) 

Second,  combustion  technology  aimed  at 
developing  practical  engines  which  generate 
less  NOx  should  be  accelerated. 

Most  important,  the  promulgation  of  regula- 
tions should  wait  until  it  is  more  certain  that  a 
problem  requiring  regulation  will  exist.  Giving 
prior  thought  to  the  structure  and  content  of 
possible  future  regulations  may  or  may  not  prove 
finally  to  be  useful,  but  the  early  development  of 
a specific  plan  which  produces  over-regulation 


would  be  a disservice.  CIAP  points  out  that 
“there  are  more  than  30  possible  causes  of 
observable  changes  in  UV  radiation  at  the 
ground”  and  that  many  factors  besides  aircraft 
pollution  in  the  stratosphere  cause  changes  in 
annual  mean  surface  temperature,  such  as  ac- 
cumulation of  carbon  dioxide  from  fossil  fuels 
burned  by  industry  and  increased  accumulation 
of  dust  in  the  troposphere,  also  from  industry. 
CIAP  also  notes  the  importance  of  identifying 
whether  a particular  climatic  or  biologic  impact 
is  caused  by  aircraft  or  by  some  other  source. 

If  regulations  are  necessary  for  the  general 
welfare,  all  significant  sources  of  pollution 
should  be  restricted  concurrently;  no  one  signifi- 
cant source  of  pollutants  should  be  singled  out 
for  special  treatment.  Moreover,  any  regulations 
that  may  be  required  should  be  tuned  to  the 
reality  of  advances  in  technology,  industry,  air 
transportation,  and  real-world  dynamics. 

CIAP  has  concluded,  on  the  basis  of  solid 
scientific  information,  that  regulations  would 
have  to  be  global  in  nature  to  be  effective  — that 
only  by  international  agreement  could  the  nat- 
ural composition  of  the  stratosphere  be  main- 
tained, and  that  vigorous  efforts  would  be 
needed  to  achieve  this  goal.  CIAP  mentions  the 
International  Civil  Aviation  Organization 
(ICAO),  the  World  Meteorological  Organization 
(WMO),  and  the  United  Nations  Environmental 
Program  (UNEP)  as  key  existing  international 
organizations.  Presumably,  CIAP  has  in  mind  the 
establishment  of  worldwide  standards  for  main- 
taining the  quality  of  the  stratosphere,  and  the 
enforcement  of  them  by  the  governments  of  the 
world’s  states.  There  are  presently  128  members 
of  ICAO,  138  members  in  the  U.N.,  58  of  which 
are  members  of  the  UNEP,  and  there  are  136 
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states  and  territories  which  are  members  of  the 
WMO.  (Except  in  air-traffic  affairs,  the  ICAO 
convention  imposes  only  a moral  obligation  on 
member  states  to  implement  rules  at  the  national 
level.)  Obtaining  early  international  agreement 
on  atmospheric  standards  and  rules  among  so 
many  parties  when  the  need  for  them  remains 
controversial  seems  nearly  impossible. 

Consider  the  regulatory  problem  of  estab- 
lishing and  enforcing  compliance  with  a world 
annual  tonnage  limit  on  NOx  injection.  Imagine 
the  difficulty  of  getting  128  members  of  ICAO 
to  agree  on  the  allocation  of  this  tonnage  among 
them,  not  to  mention  distributing  each  nation’s 
allocation  amongst  its  various  carriers.  This 
would  probably  impel  direct  federal  control  of 
flight  schedules  and  services  at  the  national  and 
international  levels.  International  flight  sched- 
uling would  be  particularly  troublesome  because 
services  between  nations  are  controlled  by 
bilateral  agreements,  not  ICAO  or  the  U.N.  or 
any  other  world  organization.  In  most  countries, 
authority  for  direct  federal  control  of  flight 
schedules  and  frequency  of  service  simply  does 
not  exist. 

Economic  and  social  impacts  must  also  be 
considered.  Dr.  Grobecker  has  pointed  out  that 
some  kinds  of  stratospheric  pollution  would 
probably  benefit  certain  crops  in  some  parts  of 
the  world  and  be  detrimental  to  the  same  crops 
in  other  areas.  Wheat  is  one  such  example;  it 
could  cost  some  nations  hundreds  of  millions  of 
dollars  annually  while  simultaneously  adding  to 
the  wealth  of  others.  This  agricultural  aspect  of 
atmospheric  modification  would  become,  I be- 
lieve, more  than  a minor  problem  in  establishing 
either  standards  or  compliance  rules  so  long  as 
the  need  for  such  agreements  remains 
problematical. 

Setting  arbitrary  limits,  either  directly  or 
indirectly,  on  air  transportation  will  tend  to 
limit,  confuse,  and  stifle  what  would  otherwise 
be  the  orderly  evolution  of  air  transportation 
systems  to  serve  the  world’s  market  needs.  While 
difficult  to  quantify,  this  aspect  itself  could 
generate  severe  economic  and  social  impacts 
which  should  be  carefully  considered  and 
weighed  against  alternative  courses  of  action.  If 
and  when  regulations  are  needed,  they  should 
penalize  or  restrict  this  normal  growth  as  little  as 
possible,  in  the  interests  of  the  general  welfare. 

I mentioned  NOx  tonnage  limits  only  as  an 
example  of  the  kind  of  regulation  which  seems  to 


me  to  be  wholly  impractical  and  most  undesir- 
able. Another  approach  falling  in  the  same 
general  category  would  be  the  setting  of  latitude 
limits  for  operations  in  the  stratosphere.  If  it  is  a 
near-impossibility  to  allocate  NOx  tonnage  be- 
tween countries  and  then  between  airlines,  it 
is  a near-impossibility  squared  to  subdivide  air 
operations  by  confining  them  to  various  latitude 
bands.  The  latitudes  of  primary  concern  pro- 
bably contain  the  most  densely  populated 
areas  — the  ones  that  require  air  transportation 
the  most.  In  short,  I do  not  see  how,  as  a 
practical  matter,  either  NOx  tonnage  limits  or 
latitude  limits  of  operation  could  be  equitably 
imposed  at  either  the  national  or  the  interna- 
tional level. 

If  emissions  of  NOx  from  aircraft  must  be 
regulated,  then  a much  more  manageable  solu- 
tion would  be  to  make  the  level  of  NOx 
emissions  an  aircraft  certification  requirement  in 
each  new  aircraft  type.  This  might  be  done 
through  the  ICAO  convention. 

Certification  limits  for  aircraft  NOx  genera- 
tion could  reflect  such  operational  parameters  as 
altitude  and  range,  as  well  as  the  reasonable 
ability  of  the  manufacturers  to  incorporate  ad- 
vanced technology.  Aircraft  certification  stan- 
dards could  be  tightened  from  time  to  time  in 
response  to  advances  in  technology  and  to  the 
climatic  need.  This  course  would  necessitate 
establishing  global  aircraft-certification  require- 
ments sufficiently  in  advance  of  aircraft  design  to 
permit  the  manufacture  of  complying  power 
plants  and  aircraft,  without  resorting  to  retrofit. 
The  manufacturer  could  then  proceed  in  the 
assurance  that  the  enormous  investments  re- 
quired to  develop  and  produce  new  aircraft 
would  not  be  undercut  or  voided  by  after-the- 
fact  rules.  Similarly,  airlines  could  better  under- 
take the  large  commitments  required  by  fleet 
replacement  or  expansion  programs. 

C1AP  has  shown  clearly  that  the  stratosphere 
will  not  yield  easily  or  quickly  to  man’s  activ- 
ities. And  I believe  that  further  rigorous  review 
and  analysis  would  indicate  that  using  reasonable 
and  realistic  fleet  projections,  rather  than  the 
CIAP  “upper  bound”  fleets,  would  show  that 
sufficient  time  is  left  to  alleviate  any  effects  of 
aircraft  effluents  by  the  application  of  certifica- 
tion rules. 

I want  to  make  it  quite  clear  that  I am  not 
advocating  the  regulatory  approach  of  certifica- 
tion. I am  merely  saying  that  if  controls  are 
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indeed  needed,  certification  of  new  aircraft 
designs,  with  firm  emission  requirements  in 
existence  when  the  design  is  undertaken,  is  more 
plausible  and  manageable  than  many  other  regu- 
latory approaches. 

The  imposition  of  limits  on  operating  alti- 
tude is  still  another  regulatory  possibility,  but  I 
see  no  reason  to  impose  them  on  current 
subsonic  aircraft.  Jet  aircraft  operating  today  are 
certified  for  maximum-altitude  operations.  For 
example,  the  Boeing  747  is  certified  for  a 
maximum  operating  altitude  of  45,100  feet  and 
the  Lockheed  L-1011  at  42,000  feet.  However, 
for  performance  reasons,  the  practical  operating 
altitude  limits  for  each  of  these  aircraft  is 
considered  to  be  only  39,000  feet.  What  with  air 
traffic  control  and  other  problems  such  as 
aircraft  operational  weights,  the  747’s  and 
L-lOll’s  normally  operate  at  a maximum  alti- 
tude of  between  31,000  and  35,000  feet.  The 
operation  altitude  of  the  Douglas  DC- 10  is 
similar.  In  all  probability,  SST’s  would  generally 
operate  well  within  the  stratosphere,  at  the 
50,000  to  60,000  foot  level.  If  compliance  with 
altitude  limits  should  become  advisable  for  new 
types  of  high-altitude  aircraft,  this  could  be 
handled  either  by  air-traffic-control  systems  or 
by  aircraft  certification  through  ICAO.  In  the 
interest  of  leaving  air  transportation  unshackled 
to  the  maximum  degree,  as  nearly  everyone 
agrees  is  desirable,  operating  altitude  limitations 
should  be  avoided,  if  possible. 

Incidentally,  I do  not  believe  that  CIAP’s 
“upper  bound”  fleets  would  ever  be  attained  if 
altitude  limits  were  imposed,  because  the  growth 
of  these  fleets  would  be  arrested  by  air  traffic 
saturation.  I do  not  believe  they  are  likely  to  be 
attained  in  any  event. 

CIAP  bases  its  climatic  impact  analyses  on 
these  “upper  bound”  fleet  size  projections,  the 
“maximum  conceivable  demand  rather  than 
practicability  for  construction,  [which]  provides 
a basis  for  considering  the  worst  that  could 
conceivably  happen  when  assessing  the  possible 
consequences.”  The  use  of  “maximum  con- 
ceivable” levels  of  aircraft  operations  may  be 
sound  for  determining  whether  or  not  atmo- 
spheric problems  could  ever  develop.  However, 
use  of  the  “upper  bound”  projections  for  regula- 
tory purposes  would  be  unrealistic,  unnecessary, 
and  punitive  - a major  disservice  to  all. 


The  CIAP  Report  of  Findings  also  mentions 
“expected  subsonic”  and  “expected  supersonic” 
fleets,  which  are  appreciably  smaller  than  the 
“upper  bound”  fleets.  However,  all  of  CIAP’s 
computations  on  emissions  and  other  environ- 
mental factors  appear  to  be  based  on  the  “upper 
bound”  fleets. 

The  CIAP  “upper  bound”  world  fleets  num- 
ber 3,475  subsonic  passenger  and  cargo  aircraft 
in  1980,  5,277  in  1990,  14,605  in  2000,  and 
45,126  by  2025.  Only  37  747-sized  passenger 
aircraft  are  shown  for  1980,  whereas  245  have 
been  manufactured  to  date.  On  the  other  hand, 
2,906  long-range  passenger  trijets  are  shown  for 
1980,  whereas  only  258  have  been  manufactured 
to  date.  The  2,906  trijets  shrink  to  57  in  1990 
and  increase  to  3,985  in  the  year  2000.  CIAP 
projects  an  enormous  number,  3,060,  of  747- 
sized  passenger  aircraft  for  1990.  Aberrations 
and  large  fluctuations  like  these,  especially  at 
ten-year  intervals,  do  not  make  sense  for  aircraft 
capable  of  1 8 to  20  years  of  service.  I understand 
that  these  projections  reflect  a demand  model 
working  backward  from  a future  date.  Unques- 
tionably, history  will  show  them  to  be  major 
excursions  from  reality.  CIAP’s  SST  projections 
total  51  by  1980,  440  by  1990,  1,885  by  2000, 
and  an  astounding  5,561  by  2025!  Total  pro- 
jected subsonic  and  supersonic  fleets  would 
consist  of  50,687  aircraft  by  2025! 

Where  will  the  fuel  for  such  enormous  fleets 
come  from?  CIAP  shows  that  each  “large  ad- 
vanced supersonic  transport”  would  burn  about 
four  times  as  much  fuel  per  hour  as  the  747-type 
aircraft.  Using  an  arbitrary  four-to-one  ratio  for 
advanced  SST’s,  the  50,687-plane  projected  fleet 
of  both  subsonic  and  supersonic  aircraft  would 
use  as  much  fuel  as  67,370  subsonic  aircraft  — 
about  14  times  the  total  number  of  jet  transports 
operated  today.  How  can  we  believe  that  air 
transportation  will  be  able  to  command  such  an 
enormous  amount  of  energy  in  an  energy -limited 
world? 

Moreover,  where  will  the  airports  for  these 
huge  numbers  of  planes  come  from?  And  what 
air-traffic-control  system  couid  cope  with  this 
volume  plus  the  growing  general-aviation  sector? 
Surely  if  the  enormous  demand  envisioned  by 
CIAP  really  develops,  it  will  be  accommodated 
not  by  50,000  airplanes  but  by  some  other 
solution. 
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The  need  for  regulations  should  be  appraised 
on  the  basis  of  much  smaller  fleet  projections 
than  those  used  by  C1AP  for  emission  computa- 
tions. One  needs  only  to  consider  the  low  air- 
transportation  growth  rates  experienced  in  the 
past  few  years,  the  currently  dismal  fuel  avail- 
ability and  cost  outlook,  and  airport  and  air- 
traffic  saturation  to  understand  that  1980-1985 
air-fleet  size  as  envisioned  by  C1AP  is  enormously 
overstated.  Regulations,  if  required  at  all,  should 
be  promulgated  to  solve  real-world  problems  — 
not  exaggerated  hypothetical  ones. 

CLAP  states  that  current  operations  with 
subsonic  aircraft  do  not  pose  a discernible 
threat  — that  in  fact  current  subsonic  flight 
operations  could  be  increased  fivefold  before  the 
“barely  discernible  change”  level  of  the  strato- 
sphere would  be  reached.  Also  — without  respect 
to  future  wide-body  aircraft,  which  may  fly  at 
higher  altitudes  — five  times  the  number  of  747 
aircraft  flying  today  could  operate  under  the 
“barely  discernible  level”  if  NOx  were  reduced 
by  a factor  of  only  two,  and  CIAP  says  that 
available  technology  can  achieve  a factor  of  six. 
Since  under  the  best  of  circumstances  it  would 
take  many  years  to  increase  subsonic  flight 
operations  fivefold,  retrofitting  on  the  current 
types  of  subsonic  aircraft  with  lower-NOx 
burners  should  not  be  needed. 

Some  amplification  of  the  retrofit  costs 
implicit  in  the  CIAP  report  is  appropriate.  For 
this  the  “upper  bound”  fleet  projections  must  be 
used,  since  they  are  the  only  detailed  fleet 
projections  available  to  me.  However,  the  rela- 


tionship of  costs  shown  here  will  also  be  sub- 
stantially valid  for  more  reasonably  sized  fleets. 
CIAP  indicates  that  retrofit  kits  should  cost 
about  25%  of  the  price  of  new  power  plants  and 
about  $50  million  in  non-recurring  costs;  this 
does  not  include  kit-installation  labor  and  added 
maintenance  expense.  Each  large  new  subsonic 
engine  will  cost  about  $1  million  in  1976.  The 
cost  of  each  new  engine  for  an  advanced  SST  is 
anybody’s  guess;  my  guess  is  $1.4  million.  The 
CIAP  Report  of  Findings  shows  5,277  subsonic 
passenger  and  cargo  aircraft  and  440  advanced 
SST’s  in  1990.  Adding  15%  for  labor  and  17%  to 
cover  spare  engines,  retrofit  cost  for  the  1990 
subsonic  fleet  would  total  approximately  $7.1 
billion  in  1976  dollars.  Retrofitting  the  440 
SST’s  would  cost  about  $0.8  billion  in  1976 
dollars.  Thus,  the  subsonic  fleet  which  is  esti- 
mated to  contribute  only  around  20%  of  the  pol- 
lution would  bear  a disproportionate  90%  of  a 
very  big  bill.  The  high  cost  and  low  return  from 
the  retrofitting  of  subsonic  fleets  seem  to  have 
been  passed  over  lightly  in  the  Report  of  Find- 
ings. Clearly,  the  focal  point  of  attention  must 
remain  prospective  SST  fleets. 

Finally,  CIAP  observes  that  implementation 
of  its  findings  will  “presumably  include  the 
establishment  of  standards  for  stratospheric  air 

quality ” To  reiterate  a main  point  here, 

without  prior  agreement  on  international  atmo- 
spheric standards,  the  monitoring  system 
advocated  by  CIAP  could  lead  too  easily  to 
precipitous,  ill-advised,  or  unnecessary  regulatory 
actions. 
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ENCINE  EMISSIONS  AND  REGULATORY  CONSEQUENCES 
DISCUSSION 


(UNIDENTIFIED):  I have  a question  for  Bob  Rummel. 
You  stated,  I think,  that  the  CIAP  upper-bound  fleet 
could  be  used  for  environmental  analysis  of  possible 
effects,  but  that  it  shouldn't  be  used  for  any  regulatory 
type  of  "what  if’  analysis.  Could  you  please  expand  on 
that?  What  type  of  fleet  projection  would  you  recom- 
mend be  used  for  regulatory  analysis,  if  some  upper 
upper  bound  based  on  demand  ought  not  to  be  used? 

RUMMEL:  Use  of  the  upper-bound  limits  by  scientists 
to  determine  whether  or  not  a potentially  harmful 
problem  exists  seems  to  be  reasonable.  The  development 


of  regulations,  however,  should  be  tuned  to  the  evolu- 
tionary advances  of  real  fleets.  After  all,  the  upper- 
bound  limits  are  postulated  for  a very  distant  period  - 
35  to  50  years  in  the  future.  (You  can  take  your  choice, 
because  both  are  presented.)  Regulations,  if  promul- 
gated, should  deal  with  the  level  of  activity  that  exists 
now  and  what  is  expected  for  the  immediate  future, 
with  consideration  of  changes  in  level  of  technology. 
Then  you  can  determine  what  actions  need  to  be  taken. 
This  is  a dynamic  situation.  I don’t  think  we  can  have 
rules  promulgated  now  that  will  stand  for  50  years  in 
any  event.  Let’s  develop  rules  as  they  are  needed,  and 
then  change  them  as  required  to  cope  with  evolving 
circumstances. 
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ENGINE  EMISSIONS  AND  REGULATORY  CONSEQUENCES 


KAUFMAN:  What  are  the  prospects  for  NOx  emissions 
from  the  engines  which  will  have  still  higher  bypass 
ratios,  those  designed  for  the  wide-body  jets  that  will  be 
flying  somewhat  higher?  Is  there  something  in  the  works 
that  will  make  the  emissions  considerably  higher? 

BAHR:  As  the  bypass  ratio  increases,  the  compressor- 
pressure  ratio  goes  up,  of  course.  If  you  do  nothing,  the 
combustor-inlet  temperatures  also  increase,  and  then  the 
NOx  levels  increase.  However,  the  approaches  I 
described,  such  as  those  being  developed  for  the  NASA 
Clean  Combustor  Program,  will  certainly  provide  NOx 
reductions  even  for  these  higher-pressure-ratio  engine 
cycles.  Those  approaches  can  be  refined  further,  so  I 
think  we  can  expect  to  see,  with  sufficient  development 
work,  a reduction  on  the  order  of  a factor  of  2 with  that 
kind  of  design  concept.  Now  the  pressure  ratios  that 
people  are  talking  about  for  the  future  aren’t  a whole 
lot  higher  than  the  30-to-l  pressure  ratio  I discussed  this 
morning.  The  possibility  of  increasing  this  to  35  is  being 
discussed  and  studied,  and  somewhere  there’s  even  talk 
of  40  to  1,  but  the  change  in  NOx  in  going  from  30  to  1 
to  40  to  1 isn’t  really  all  that  large. 

(UNIDENTIFIED):  I’d  like  to  ask  Mr.  Rummel  whether 
there  isn’t  a certain  inconsistency  between  his  comment 
about  waiting  to  develop  regulations  till  the  problem  is 
really  with  us  and  his  other  comment  that  there  is  a long 
lead  time  in  developing  advanced  engine  designs.  It 
seems  to  me  that  the  two  have  to  be  put  together  in 
some  realistic  way. 

RUMMEL:  I don’t  think  there  is  any  inconsistency.  I 
fully  support  the  advancement  of  technology  to  the 
maximum  reasonable  extent  to  reduce  engine  emissions, 
and  I think  we  should  get  on  with  that  and  find  out 
what  in  fact  can  be  done.  I think  what  the  CIAP  Report 
of  Findings  does  is  raise  a large  red  flag  to  indicate  a 
possible  problem,  and  we  should  seek  ways  to  solve  it  in 
case  aviation  grows  so  far  that  the  problem  actually 
comes  into  existence.  I didn’t  comment  directly  on  the 
lead  time  for  power  plants  or  retrofit,  but  again  if  you 
look  at  the  current  state  of  air  transportation  it  is  clear 
that  for  many,  many  years  the  fleets  are  going  to  be 
very  much  smaller  than  those  CIAP  projected.  It  is  for 
this  reason  that  I believe  sufficient  time  exists  to  cope 


with  this  problem,  and  1 suggest  that  these  growth 
scenarios  be  analyzed  in  depth  before  a lot  of  money  is 
needlessly  spent. 

ELLSAESSER:  In  going  through  our  program,  I don’t 
see  any  space  that  has  been  devoted  to  the  problem  of 
removal  of  sulfur.  Would  any  of  the  people  who  spoke 
this  morning  care  to  say  what  impact  the  removal  of 
sulfur  from  fuel  would  have  on  the  aircraft  engine  or 
industry? 

RUMMEL:  It’s  a fairly  simple  calculation.  You  start 
with  about  $100  million  a year  in  added  cost,  but  the 
greater  part  of  the  problem  is  due  to  the  limits  of  the 
“fuel  farm”  capacity  at  most  airports.  At  most  of  the 
major  airports,  these  “fuel  farms”  - the  storage 
tanks  - can  handle  only  one  type  of  fuel.  Unless  all 
airplanes  use  a common  fuel,  additional  major  invest- 
ments in  tanks  and  plumbing  systems  will  be  required  to 
handle  both  types  of  fuel.  Here  again  I think  further 
analysis  of  the  effects  from  fleets  of  some  realistic  size  is 
needed  before  we  make  the  investment  required. 

E.  LOEWENSTE1N:  Mr.  Rummel,  I believe  you  said 
that  certification  should  in  effect  constitute  a license  to 
operate  the  aircraft  through  its  useful  life.  You  also  said 
that  certification  should  be  based  upon  the  technology 
current  at  the  time  the  aircraft  comes  up  for  certifica- 
tion, which  may  be  fair  enough.  But  what  if  the  aircraft 
has  a useful  life  of  20  years,  and  after  10  years  we  find 
that  it  poses  a real  menace  to  the  atmosphere,  perhaps 
not  of  itself  but  in  conjunction  with  spray  cans  or 
something  else  we  find  out  about  in  the  next  few  years? 
Do  you  really  feel  that  the  airline  industry  would  refuse 
to  perform  modification  or  retrofit  of  the  aircraft? 

RUMMEL:  No.  I mean  that  in  general  we  should  be  able 
to  assume  that  the  rules  won’t  be  changed  in  the  middle 
of  the  evolution  phase  of  an  aircraft,  but  that  progress 
would  be  made  by  making  each  type  of  aircraft  better 
than  the  preceding  one.  Of  course,  if  it  should  turn  out 
that  some  major  hazard  is  attributable  to  aircraft,  the 
operators  and  others  involved  would  certainly  respect 
the  need  for  change.  But  as  I read  the  CIAP  report,  such 
a hazard  is  not  apparent  at  present. 


131 


k 


> 


• TTiiZZS 


U.S,  Department  of  Transportation 


Fourth  Conference  on  CIAP,  February  1975 


SOME  FUNDAMENTAL  LIMITATIONS  OF  SIMPLIFIED-TRANSPORT 
MODELS  AS  IMPLIED  BY  RESULTS  FROM  A THREE-DIMENSIONAL 
GENERAL-CIRCULATION/TRACER  MODEL 


J.D.  MAHLMAN 

NOAA  Geophysical  Fluid  Dynamics  Laboratory 
Princeton  University 
Princeton,  New  Jersey 


ABSTRACT:  The  answers  to  a number  of  important  environmental  questions  depend  quite  critically 
upon  our  capability  for  providing  reliable  descriptions  of  large-scale  atmospheric  transport  of  trace 
substances.  In  many  cases  it  is  useful  to  try  to  provide  meaningful  answers  by  using  highly  simplified 
models  of  tracer  transport.  In  this  paper,  an  attempt  is  made  to  provide  some  assessments  of  the 
fundamental  uncertainties  inherent  in  such  models. 

The  approach  used  is  the  analysis  of  results  of  a comprehensive  three-dimensional  general- 
circulation/tracer  model  in  order  to  examine  the  validity  of  various  transport  hypotheses.  Evaluations 
are  made  of  various  one-dimensional,  two-dimensional,  and  low-resolution  three-dimensional  transport 
hypotheses.  The  analyses  indicate  that  some  of  the  basic  assumptions  utilized  in  these  simpler  models 
are  often  not  satisfied.  This  leads  to  some  fundamental  uncertainties  which  cannot  easily  be  reduced 
without  significant  conceptual  reformulations  of  the  simpler  models. 


INTRODUCTION 

Evaluation  of  the  environmental  impact  of 
operating  supersonic  aircraft  in  the  stratosphere 
depends  crucially  upon  a reliable  assessment  of  the 
atmospheric  dispersion  of  various  trace  constitu- 
ents. This  is  also  the  case  for  a number  of  other 
important  environmental  questions.  The  need  for 
such  assessments  invariably  leads  to  a reliance 
upon  numerical  models  of  trace-constituent 
transport. 

The  numerical  models  currently  in  use  vary 
drastically  in  their  complexity,  number  of  empiri- 
cal prescriptions,  and  computational  require- 
ments. At  present,  all  models  employ  empirical 
prescriptions  to  some  degree.  They  range  from 
models  which  are  totally  empirical  to  models 
which  attempt  to  simulate  the  basic  physical 
mechanisms  as  much  as  possible.  Because  of  this 
extreme  range  of  modeling  philosophies,  it  is 
important  to  understand  the  inherent  uncertainty 
in  a given  model  when  applying  it  to  a given 
problem.  At  present,  this  is  not  readily  possible, 
mainly  because  large  uncertainties  also  exist  in  the 
data  sets  used  to  evaluate  the  validity  of  the 
various  models. 

In  this  paper,  an  alternative  approach  for 
evaluating  the  uncertainties  of  various  transport 
models  is  utilized.  The  results  from  a high- 


resolution,  three-dimensional  (3-D)  general- 
circulation/tracer  model  are  analyzed  in  order  to 
examine  the  validity  of  the  basic  hypotheses 
employed  in  some  of  the  simpler  transport 
models. 

The  use  of  a model  to  evaluate  other  models 
is  immediately  susceptible  to  criticism  on  the 
grounds  that  even  the  more  complex  model 
cannot  claim  to  provide  an  exact  duplication  of 
the  behavior  found  in  the  actual  atmosphere. 
This,  of  course,  is  quite  true.  In  fact,  it  is  very 
possible  that  a simpler  model  will  provide  a more 
realistic  reproduction  of  some  “observed"  fea- 
ture, especially  since  it  may  have  been  specifi- 
cally designed  to  agree  with  that  particular 
“observation”.  However,  if  the  more  complex 
model  is  able  to  simulate  the  essential  transport 
mechanisms  acting  in  the  atmosphere,  it  should 
still  be  possible  to  evaluate  the  accuracy  of  more 
simplified  transport  hypotheses  within  the  model 
framework.  In  short,  the  more  complex  model 
may  be  regarded  as  a plausible  “atmosphere”  in 
which  all  the  data  is  available  everywhere  and  at 
all  times.  As  a result,  all  tracer  mixing  ratios, 
fluxes,  gradients,  integrals,  and  meteorological 
quantities  are  at  the  researcher’s  disposal. 

By  using  such  an  approach,  one  cannot  claim 
to  be  able  to  provide  a definitive  evaluation  of 
the  applicability  of  the  simpler  transport  models. 
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Rather,  this  approach  helps  to  provide  an  inde- 
pendent check  upon  the  validity  of  a given 
simplified-transport  assumption  in  terms  of  how 
well  it  is  able  to  provide  predictions  of  transport 
as  calculated  explicitly  by  the  complex  model. 
However,  if  such  a simplified  transfer  assumption 
is  shown  to  be  only  partially  valid,  or  not 
generally  applicable,  then  this  provides  some 
insight  into  the  inherent  fundamental  uncer- 
tainties of  that  simple  model  when  it  attempts  to 
predict  tracer  behavior. 

Also  in  this  paper,  an  evaluation  will  be 
made  of  some  key  aspects  of  the  assumptions 
involved  in  the  following  types  of  simplified 
models:  low-resolution  3-D  models,  2-D  models, 
“standard”  1-D  models,  and  “tropopause”- 
coordinate  1-D  models.  In  addition,  some  limita- 
tions of  the  model  used  for  preparing  these 
evaluations  will  be  briefly  reviewed. 

DESCRIPTION  OF  THE 
GENERAL-CIRCULATION  MODEL 

The  general-circulation  model  used  in  this 
research  was  designed  and  constructed  by  S. 
Manabe  and  J.L.  Holloway,  Jr.  A more  complete 
description  of  the  model  framework  than  that 
given  here  is  presented  in  Holloway  and  Manabe 
(1971)  and  Manabe  and  Holloway  (1975).  This 
model  employs  finite-difference  approximations 
over  the  global  domain  up  to  a height  of  about 
31  km.  The  equations  solved  are  the  hydrostatic 
“primitive”  equations  of  motion,  the  first  law  of 
thermodynamics,  the  ideal  gas  law,  the  mass- 
continuity  equation,  and  the  water-vapor- 
continuity  equation.  Primary  dependent  variables 
are  the  three  velocity  components,  temperature, 
surface  pressure,  and  water-vapor  mixing  ratio 
(the  ratio  of  water-vapor  density  to  air  density). 
Other  variables  calculated  are  soil  moisture, 
precipitation,  snow  depth,  ground  temperature, 
evaporation,  and  precipitation  runoff. 

The  model  has  an  average  horizontal  grid 
spacing  of  about  265  km.  It  contains  eleven 
levels  in  the  vertical,  with  a mean  spacing  of 
about  3 km  from  the  middle  troposphere  to  the 
lower  stratosphere.  Large-scale  topography  is 
included  through  use  of  the  so-called  “sigma” 
system,  where  the  vertical  coordinate  levels  are 
specified  as  pressure  normalized  by  surface  pres- 
sure (Phillips,  1957). 


Radiative  transfer  is  computed  using  a sea- 
sonally varying  solar  radiation  with  distribu- 
tions of  ozone  and  clouds  specified  according  to 
their  zonal-mean,  seasonally  varying  climatic 
values.  Infrared  radiative  transfer  is  included  by 
using  the  scheme  of  Manabe  and  Strickler 
(1964).  Carbon  dioxide  is  assumed  to  be  con- 
stant everywhere  for  purposes  of  radiative- 
transfer  calculations,  while  water  vapor  is  taken 
from  the  model-determined  local  mixing  ratios. 
The  land  surface  temperature  is  calculated 
through  an  equation  of  ground  heat  balance, 
while  the  ocean  surface  temperature  is  specified 
according  to  observed  seasonally  varying  values. 

In  any  model  there  is  a requirement  for 
considering  the  possible  influence  of  phenomena 
which  exist  below  the  chosen  grid  resolution.  At 
the  present  time  fully  acceptable  methods  do  not 
exist  for  including  these  sub-grid-scale  effects  in 
terms  of  the  resolved  phenomena.  Thus,  the  only 
real  advantage  this  type  of  high-resolution  model 
possesses  relative  to  coarser  resolutions  is  that  a 
much  smaller  fraction  of  the  total  processes  is 
dependent  upon  the  poorly  understood  sub-grid- 
scale  specifications.  To  crudely  include  the 
effects  of  vertical  heat  and  moisture  transport  by 
cloud-scale  convection,  the  so-called  “moist  con- 
vective adjustment”  of  Manabe,  Smagorinsky, 
and  Strickler  (1965)  is  utilized.  The  effects  of 
mixing  of  quantities  on  scales  below  the  grid 
resolution  are  approximated  by  the  non-linear 
diffusion  method  of  Smagorinsky  (1963). 

This  model  has  been  run  through  several 
annual  cycles  so  that  the  last  simulation  year  is 
essentially  at  statistical  equilibrium,  i.e.,  quite 
small  trends  of  important  global-mean  properties 
such  as  temperature,  energy,  precipitation,  etc. 
are  observed.  However,  only  one  model  year  is 
included  in  these  studies.  Therefore,  the  possi- 
bility of  interannual  variability  in  the  circulation 
is  precluded,  since  this  same  year  of  general- 
circulation  model  data  is  used  in  successive  years 
of  the  tracer  experiments. 

DESCRIPTION  OF  THE  TRACER  MODEL 

The  tracer  model  utilizes  time-dependent 
winds,  temperatures,  and  surface  pressures  from 
the  general-circulation  model  to  solve  the  trace- 
constituent  continuity  equation  for  any  globally 
transported  tracer.  To  increase  research  flexi- 
bility and  conserve  computer  resources,  the 
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tracer  model  operates  independently  of  the 
general-circulation  model.  This  is  accomplished 
by  saving  the  pertinent  data  from  the  general- 
circulation  model  on  a series  of  tapes  which  are 
read  as  input  by  the  tracer  model.  Because  of 
this,  all  of  these  tracer  experiments  are  fully 
passive,  i.e.,  they  do  not  affect  the  results  of  the 
general-circulation  model  in  any  way. 

To  calculate  transport  by  the  large-scale 
winds,  the  Eulerian  form  of  the  tracer  continuity 
equation  is  combined  with  the  mass  continuity 
equation  so  that  all  transport  terms  are  written  as 
flux  divergences.  This  ensures  that  no  unwanted 
global  tracer  sources  or  sinks  are  present  except 
for  computer  roundoff  error.  The  horizontal  and 
vertical  winds  are  then  used  to  solve  for  the 
three-dimensional  flux  divergence  of  the  tracer  at 
each  grid  box  (about  78,000  in  the  grid)  and  at 
each  finite  time  step  (about  25  minutes  in 
length).  In  the  horizontal  plane,  centered  second- 
order  finite  differencing  is  used  (Kurihara  and 
Holloway,  1967),  while  a centered  fourth-order 
scheme  is  employed  in  the  vertical. 

Occasionally,  space  or  time  truncation  error 
in  calculating  the  tracer  flux  divergence  by  the 
large-scale  winds  leads  to  situations  in  which  the 
tracer  mixing  ratio  becomes  negative.  This  situa- 
tion tends  to  occur  locally  when  the  upstream 
tracer  values  near  a grid  box  point  are  much 
smaller  than  the  downstream  ones.  Such  negative 
mixing  ratios  are  “corrected”  back  to  zero  by 
“borrowing”  tracer  from  the  downstream  grid 
box  in  the  axis  of  the  flux-divergence  component 
most  responsible  for  producing  the  negative 
value.  This  is  always  done  in  such  a manner  that 
the  process  conserves  the  total  mass  of  the  tracer. 

The  horizontal  transfer  of  trace  material  on 
scales  below  the  grid  resolution  is  modeled 
crudely  by  a highly  scale-selective  eddy-diffusion 
formulation  in  which  the  transfer  coefficient  is 
locally  dependent  upon  properties  of  the  wind 
and  tracer  fields.  This  has  the  effect  of  ensuring 
that  the  net  transfer  by  this  somewhat  arbitrary 
process  is  more  than  an  order  of  magnitude 
smaller  than  the  transport  by  model-resolved 
motion  scales. 

In  the  vertical,  specification  of  sub-grid-scale 
processes  is  not  included.  This  does  not  imply 
that  such  processes  are  unimportant  in  vertical 
trace-substance  transport.  Rather,  it  is  currently 
a test  of  the  capability  of  the  motions  resolved 
by  the  model  to  accomplish  the  required  vertical 


transports.  In  the  troposphere,  vertical  transport 
by  small-scale  processes  is  quite  important.  How- 
ever, this  is  still  a subject  of  some  controversy  for 
the  stratosphere. 

The  experiments  run  to  date  with  this  model 
suggest  that  a quite  small  value  of  the  vertical 
sub-grid-scale  transfer,  coefficient  would  be 
appropriate  for  the  model  stratosphere,  say,  of 
the  order  of  102cm2sec'* . This  value  is  almost 
two  orders  of  magnitude  smaller  than  the  typical 
values  required  to  account  for  all  of  the  vertical 
transfer  in  the  stratosphere  (e.g.,  Chang,  1974; 
McElroy  et  al.,  1974).  Use  of  this  lower  value 
would  be  consistent  with  results  from  a recent 
observational  study  of  small-scale  stratospheric 
turbulence  by  Lilly,  Waco,  and  Adelfang  (1973). 
In  the  troposphere,  the  values  should  be  sig- 
nificantly larger  because  of  the  presence  of 
cloud-scale  convective  transports  not  explicitly 
resolved  by  the  model. 

The  modeling  of  sources  and  sinks  in  the 
tracer  continuity  equation  can  be  varied  arbi- 
trarily according  to  the  processes  acting  to 
locally  create  or  destroy  a given  trace  constitu- 
ent. In  the  two  major  experiments  executed  to 
date,  physical  removal  mechanisms  are  the  only 
non-conservative  processes  included  in  the  tropo- 
sphere. At  the  surface  layer,  dry  removal  is 
assumed  to  be  proportional  to  the  tracer  mixing 
ratio  and  a removal  coefficient  of  magnitude 
1/20  per  day.  The  effects  of  tracer  removal  by 
precipitation  are  crudely  included  by  assuming 
that  the  removal  in  the  troposphere  is  a function 
of  tracer  amount,  precipitation  intensity,  and  a 
removal  coefficient  which  diminishes  up  to  about 
8 km  and  is  zero  at  higher  levels.  A more 
complete  description  is  given  in  Mahlman 
(1973a).  For  a fully  detailed  description  of  all 
modeling  approaches  and  equations  used  in  this 
tracer  model,  see  Mahlman  and  Moxim  (1976). 

SOME  LIMITATIONS  OF  THE 
GENERAL-CIRCULATION/TRACER  MODEL 

As  was  stated  earlier,  the  purpose  of  this 
study  is  to  evaluate  some  aspects  of  simpler 
transport  models  in  the  light  of  results  from  a 
higher-resolution  3-D  general-circulation/tracer 
model.  Since  a basic  assumption  of  this  study  is 
that  this  complex  model  has  managed  to  capture 
the  significant  transport  mechanisms  explicitly, 
it  is  important  to  establish  what  features  of  the 
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model  simulation  are  somewhat  unlike  the 
behavior  of  the  actual  atmosphere.  Thus,  almost 
paradoxically,  the  very  great  number  of  success- 
ful features  of  this  simulation  experiment  are  of 
no  further  direct  interest  in  this  paper.  Needless 
to  say,  however,  an  evaluation  of  this  kind  is 
vitally  dependent  upon  the  utilization  of  a model 
simulation  which  is  mostly  successful  in  repro- 
ducing the  important  features  of  the  atmospheric 
circulation.  Further  information  on  this  model 
simulation  and  how  the  results  compare  with  the 
characteristics  of  the  actual  atmosphere  are  given 
in  Mahlman  and  Manabe  (1972),  Mahlman 
(1973a),  Hayashi  (1974),  Manabe,  Holloway,  and 
Hahn  (1974),  Hahn  and  Manabe  (1975),  Manabe 
and  Holloway  (1975),  Manabe  and  Mahlman 
(1976),  and  Mahlman  and  Moxim  (1976). 

Most  of  the  qualitatively  observable  model 
simulation  limitations  for  stratospheric  tracer- 
dispersion  problems  seem  to  be  related  to  the 
placement  of  the  top  model  level  at  about 
31  km.  This  choice  appears  to  be  too  low  to 
allow  a very  successful  simulation  of  the  middle 
stratospheric  circulation.  Also,  the  model’s  ver- 
tical grid  length  in  this  region  is  more  than  a 
factor  of  two  larger  than  that  employed  in  the 
lower  stratosphere. 

The  above  resolution  limitations  might  be 
related  to  a number  of  simulation  difficulties  in 
the  model  middle  stratosphere.  The  simulated 
wintertime  mid-latitude  westerly  winds  are 
almost  a factor  of  two  stronger  than  the 
observed.  Also,  the  model  does  not  predict  the 
mid-winter  sudden  stratospheric  warming  events 
often  observed  in  the  Northern  Hemisphere. 
Thus,  at  best  this  simulation  must  be  viewed  as 
being  possibly  representative  of  a year  in  which 
no  sudden  stratospheric  warming  occurred.  Con- 
sistent with  this  limitation,  the  model  predicts 
the  transition  from  winter  westerlies  to  summer 
easterlies  to  occur  somewhat  later  than  actually 
observed.  This  effect  is  also  consistent  with  the 
fact  that  the  model-simulated  summer  easterly 
circulation  does  not  last  as  long  as  actually 
observed. 

In  contrast,  the  simulation  of  nearly  all 
features  of  the  lower-stratospheric/upper-tropo- 
spheric circulation  appear  to  be  satisfactory. 
One  minor  exception  to  this  is  that  the  ampli- 
tude of  the  simulated  extratropical  cyclonic 
disturbances  appears  to  be  slightly  under- 
estimated. The  work  of  Miyakoda  et  al.  (1971) 


suggests  that  a model  with  higher  computational 
resolution  than  that  used  here  would  produce 
cyclonic  disturbances  of  greater  amplitude.  This 
could  somewhat  affect  the  amount  of  tracer 
being  brought  through  the  tropopause  in  associa- 
tion with  these  cyclonic  disturbances.  For  more 
details  on  these  cross-tropopause  transport 
phenomena,  as  well  as  pertinent  references,  see 
Danielsen  (1968),  Reiter  (1972),  and  Mahlman 
(1973b). 

In  the  tracer  model,  the  transport  rate 
through  the  surface  boundary  layer  appears  to  be 
somewhat  underestimated  due  to  the  lack  of 
any  vertical  sub-grid-scale  transfer  processes  in 
the  model.  This  particular  deficiency  has  no 
apparent  effect  upon  the  simulated  transport 
phenomena  in  the  stratosphere  and  upper 
troposphere. 

BRIEF  DESCRIPTION  OF  THE 
TRACER  EXPERIMENTS 

The  tracer  experiments  used  for  the  evalua- 
tions presented  here  have  been  described  in  some 
detail  in  Mahlman  (1973a).  Thus,  they  will  be 
only  described  briefly  in  this  paper. 

a.  “Mid-Latitude  Point  Source”  Tracer 
Experiment.  In  this  experiment,  a diffuse  instan- 
taneous source  is  introduced  at  the  beginning  of 
the  integration.  The  center  of  this  source  is  at 
about  36°N,  180°E,  and  18.8  km  (65  mb).  After 
the  start  of  the  experiment,  the  tracer  is  com- 
pletely conserved  in  the  stratosphere  and  is 
subject  to  destruction  when  it  comes  into  con- 
tact with  the  tropospheric  removal  processes. 
The  tracer  in  this  experiment  may  thus  be 
regarded  as  being  somewhat  analogous  to  the 
constituents  injected  by  a nuclear-weapons 
detonation,  which  are  subject  to  rapid  tropo- 
spheric removal  processes. 

b.  “Vertical  Stratification”  Tracer  Experi- 
ment. This  experiment  is  designed  to  provide  a 
very  simple  way  to  examine  the  transport  of  a 
tracer  which  is  highly  stratified  in  the  vertical  by 
virtue  of  a photochemically  maintained  equilib- 
rium in  the  middle  stratosphere  and  a sink  in  the 
lower  troposphere.  It  may  thus  be  thought  of  as 
being  qualitatively  similar  to  atmospheric  ozone. 
The  tropospheric  sink  is  exactly  the  same  as  in 
the  previous  experiment.  A net  implicit  source  of 
tracer  is  established  at  the  top  model  level  by 
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setting  the  mixing  ratio  at  a constant  normalized 
value  of  1.0  for  the  entire  length  of  the  experi- 
ment. This  means  that  the  tracer  flux  due  to 
motions  out  of  or  into  this  level  is  always 
instantaneously  balanced  by  a local  tracer  source 
or  sink.  This  can  be  physically  visualized  as  an 
extremely  rapid  damping  back  to  its  simple 
photochemical  equilibrium  value  (1.0)  after  it 
has  been  locally  disturbed  by  a vertical  transport 
process.  Below  this  top  level  and  above  the  mid- 
dle troposphere,  no  tracer  sources  and  sinks  are 
included. 

For  a discussion  of  some  of  the  tracer 
evolutions  and  transport  mechanisms  in  these 
two  experiments,  see  Mahlman  (1973a). 

LOW-RESOLUTION  THREE-DIMENSIONAL 
MODELS 

The  most  obvious  simplification  of  the 
three-dimensional  dynamics  as  simulated  by  a 
general-circulation  model  is  just  a reduction  in 
the  computational  resolution.  Such  an  expedient 
is  clearly  attractive  because  a factor-of-two 
reduction  in  the  horizontal  resolution  leads  to  a 
factor-of -eight  reduction  in  the  computational 
burden. 

The  use  of  lower-resolution  models  offers  a 
strong  possibility  for  examining  transport  prob- 
lems in  the  stratosphere,  since  the  apparent 
spatial  scales  of  meteorological  phenomena  in 
that  region  are  much  larger  than  those  typical  of 
the  troposphere.  An  example  of  a low-resolution 
model  in  this  category  is  the  quasi-geostrophic 
spectral  model  of  CunnJd  et  al.  (1975). 

It  has  long  been  clear  that  excessively  low 
computational  resolution  in  a general-circulation 
model  acts  to  suppress  the  development  of  the 
all-important  cyclone-scale  waves  in  the  tropo- 
sphere. As  suggested  earlier,  such  a suppression 
may  also  inhibit  cross-tropopause  tracer  trans- 
port in  a model.  What  is  not  as  generally 
recognized  is  that  low  computational  resolution 
also  inhibits  and  distorts  the  simulation  of  the 
very-largest-scale  tropospheric  disturbances  as 
well  (Manabe  et  al.,  1970).  Since  it  is  these  long 
waves  that  provide  the  source  of  energy  for 
disturbances  in  the  stratosphere,  it  is  not  clear 
whether  or  not  a low-resolution  model  will 
provide  a fully  valid  simulation  of  the  strato- 
spheric circulation. 


A useful  way  to  gain  some  insight  into 
potential  hazards  involved  in  using  low-resolution 
3-D  models  for  tracer  transport  problems  is  to 
examine  the  simulated  distribution  of  tracer  as  a 
function  of  spatial  scale  in  the  high-resolution 
3-D  model.  For  this  evaluation,  zonal-harmonic 
analyses  were  computed  for  a number  of  latitude 
circles  and  times  from  the  high-resolution  tracer 
experiment  data. 

Figure  1 shows  an  example  of  a computed 
power  spectrum  of  R2(n),  where  R is  the  tracer 
mixing  ratio,  and  n is  the  planetary  wave  number 
(number  of  waves  around  a latitude  circle).  The 
tracer  data  is  taken  at  50.4°N  from  six  days  of 
April  in  the  first  year  of  integration  of  the 
“Vertical  Stratification”  tracer  experiment.  The 
power  spectrum  of  Figure  1 at  65  mb  shows 
three  features  worthy  of  note.  First,  a significant 
power  peak  shows  up  at  n = 3 and  4.  This  is 
consistent  with  the  very  large  scale  of  meteoro- 
logical phenomena  commonly  observed  in  the 
stratosphere.  Next,  a significant  peak  is  observed 
at  n = 7 and  8.  This  peak  is  due  to  the  strato- 
spheric remnants  of  tropospheric  extratropical 
cyclones.  As  mentioned  earlier,  such  transient 
disturbances  are  known  to  be  instrumental  in 
effecting  transport  of  tracer  in  the  lower  strato- 
sphere and  through  the  tropopause. 

At  the  smallest  scales  (n  = 10-48),  the  drop- 
off of  power  with  increasing  wavenumber  is 


n (Planetary  wave  number) 

Figure  1.  Zonal  spectra  of  R2  as  a function  of 
planetary  wavenumber  (n).  Data  are  taken 
from  the  “Vertical  Stratification”  experi- 
ment of  Mahlman  (1973a)  at  50.4°  N and 
65  mb  for  the  first  six  days  of  April  (9th 
month  of  experiment). 
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rather  slow.  The  spectral  slopes  of  -1  and  -5/3, 
which  connote  a freely  cascaded  passive  scalar  in 
two  and  three  dimensions,  respectively,  are 
included  in  the  figure  to  provide  a frame  of 
reference.  The  data  are  consistent  with  the  case 
of  a strong  transfer  of  tracer  fluctuations  to 
higher  wave  numbers  (smaller  scales).  This  indi- 
cates that  a non-negligible  fraction  of  the  tracer 
structure  exists  at  relatively  small  spatial  scales. 
This  is  the  case  even  though  the  model  kinetic 
energy  is  almost  totally  contained  in  scales 
corresponding  to  very  low  planetary  wave 
numbers. 

On  the  basis  of  the  information  given  by 
Figure  1 , it  seems  reasonable  to  hypothesize  that 
low-resolution  models  may  lead  to  considerable 
uncertainty  when  applied  to  tracer  transport 
problems.  This  uncertainty  might  be  reduced 
significantly  if  the  model  could  fully  resolve 
spatial  scales  out  to,  say,  n = 10.  It  appears  that 
models  with  less  resolution  than  this  may  have  to 
include  a carefully  designed  “parameterization” 
of  the  important  unresolved  phenomena. 

TWO-DIMENSIONAL  MODELS 


zonal-mean  gradient.  Additional  implicit  assump- 
tions in  such  formulations  are  that  the  “eddy” 
tracer  fluxes  are  independent  of  the  “eddy” 
tracer  distribution,  and  that  the  “eddy”  fluxes 
and  the  fluxes  by  the  mean  meridional  circula- 
tion are  independent  of  each  other. 

Through  use  of  the  high-resolution  general- 
circulation/tracer  model,  it  is  possible  to  examine 
these  assumptions  independently  because  the 
model  generates  its  “eddy”  fluxes  explicitly, 
without  any  direct  dependence  upon  zonal-mean 
quantities.  In  this  paper,  only  the  relationship 
between  the  eddy  fluxes  and  the  mean  gradients 
will  be  examined.  Thus,  only  the  degree  of 
fundamental  applicability  of  the  basic  mixing- 
length  assumptions  will  be  examined.  The  prob- 
lem of  empirical  suitability  of  2-D  transport 
models  for  applied  problems  is  beyond  the 
purpose  of  this  paper. 

According  to  the  simple  mixing-length 
formulation  in  two-dimensions,  the  “eddy” 
fluxes  are  related  to  the  mean  gradients  by 

^ = 0) 


In  response  to  various  atmospheric  tracer- 
dispersion  problems,  a number  of  investigators 
have  developed  2-D  transport  models.  These  are 
models  in  which  only  zonal-mean  variables  are 
specifically  included  in  the  calculation.  In  the 
context  of  the  previous  section,  this  can  be 
thought  of  as  a model  which  does  not  explicitly 
include  any  planetary  wavenumbers  greater  than 
n = 0. 

Because  of  the  well-recognized  and  obvious 
importance  of  zonally  asymmetric  parts  of  the 
motion  field  (“eddies”)  in  meridional  and  ver- 
tical transport,  it  is  necessary  in  a 2-D  model  that 
the  transport  by  these  “eddies”  be  “param- 
eterized” in  terms  of  properties  of  the  explicitly 
calculated  zonal-mean  quantities.  The  approach 
used  in  recent  models  almost  invariably  follows 
the  lead  established  by  Reed  and  German  (1965) 
in  which  the  net  “eddy”  tracer  fluxes  are 
assumed,  through  use  of  the  mixing-length 
hypothesis,  to  be  transferred  locally  down  the 
zonal-mean  gradient  at  all  points  in  space  and 
time.  A countergradient  flux  in  one  coordinate 
direction  is  permitted  in  this  formulation  as  long 
as  the  net  “eddy”  flux  vector  is  down  the  net 


w'R'X  = -Kzz 
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where  ( ) is  a zonal  average,  v'R'  the  zonal- 
mean  horizontal  “eddy”  flux,  wTTx  the  zonal- 
mean  vertical  “eddy”  flux,  and  Kyy,  K^,  and 
KyZ  are  the  horizontal,  vertical,  and  off-diagonal 
“eddy”  diffusion  coefficients,  respectively.  By 
assuming  that  Kyz  = (wTT'VvTv  ) Kyy,  the 
various  “eddy”  diffusion  coefficients  can  be 
written  in  terms  of  “eddy”  fluxes  and  mean 
gradients  as 
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Thus,  if  all  fluxes  and  gradients  are  known, 
the  proper  “eddy”  diffusivities  can,  in  principle, 
be  evaluated  from  the  model  data.  It  is  of 
interest  to  recognize  that  the  denominator  of 
Eqs.  (3),  (4),  and  (5), 

wTFx  ^ - ^TTX  , 
oy  dz 

(or  VR'X  3Kx/3yp  — co'R'x  3Rx/3p  in  pressure 
coordinates)  has  a special  physical  significance  in 
the  balances  for  the  global  mean -squared  tracer 
mixing  ratio 


where  ( )G  is  a global  average.  It  represents  the 
conversion  from  zonal  mean-squared  tracer 

— 7°  xG 

\ 2 a A 

R to  eddy  mean-squared  tracer  R z 
If  Wx  3Rx/3yp  - 3Rx/3p  is  positive 

everywhere,  then  the  “eddies”  are  producing  a 
net  downgradient  transfer  everywhere  in  at  least 
qualitative  consistency  with  the  mixing-length 
hypothesis.  If  this  quantity  is  negative  some- 
where, then  it  is  clear  from  Eqs.  (3)  and  (4)  that 
the  calculated  “eddy”  diffusivities  Kyy  and  Kzz 
would  both  be  negative.  This  would  lead  to  an 
antidiffusive  effect  which,  if  uncompensated  for 
by  other  effects,  would  produce  an  instability  in 
a two-dimensional  model.  _ 

A sample  calculation  of  -v'R'x  3Rx/3yp  - 
co'R'x  3Rx/3p  is  presented  in  Figure  2.  It  is  the 
mean  of  the  month  of  November  (month  11) 
from  the  “Mid-Latitude  Point  Source”  experi- 
ment described  in  Mahlman  (1973a). 

Figure  2 shows  large  areas  in  which  this 
quantity  is  indeed  negative , that  is,  the  net  local 
“eddy”  flux  vector  is  countergradient.  In  these 
regions,  the  implied  “eddy”  diffusivities  Kyy  and 
Kzz  then  must  both  be  negative  as  required  by 
Eqs.  (3)  and  (4).  The  shaded  areas  of  Figure  2 
thus  indicate  situations  in  which  the  usual 
mixing-length  assumptions  are  not  satisfied. 

It  follows  fiom  the  above  result  that  the 
usual  “eddy”  flux  parameterizations  in  2-D 
models  probably  do  not  provide  an  accurate 
calculation  of  the  horizontal  and  vertical  “eddy” 
fluxes  as  they  occur  in  the  actual  stratosphere. 
This  implies  that  the  mixing-length  framework 
should  be  regarded  only  as  an  “empirical” 


approach  which  may  be  utilized  as  a method  for 
providing  a plausible  agreement  with  observed 
net  tracer  behavior  (not  observed  “eddy”  fluxes). 

The  regions  of  inferred  negative  values  of 
Kyy  and  Kzz  from  the  results  of  Figure  2 imply 
rather  strongly  that  other  processes  in  the  3-D 
model  are  acting  to  prevent  these  counter- 
gradient fluxes  from  leading  to  grossly 
unphysical  results.  Careful  analysis  of  this  ex- 
periment shows  clearly  that  the  local  tracer 
values  are  sustained  in  such  regions  by  a strong 
downgradient  flux  caused  by  the  mean  merid- 
ional circulation.  This  is  yet  another  way  of 
illustrating  that  the  large-scale  “eddies”  and  the 
mean-meridional  circulation  constitute  a highly 
interactive  system  with  respect  to  stratospheric 
tracer  transport.  Such  interactions  were  demon- 
strated in  previous  tracer  studies  by  Hunt  and 
Manabe  (1968)  and  Mahlman  (1973a),  and  sug- 
gested theoretically  by  Dickinson  ( 1 969). 

Since  the  meridional  circulation  and  “eddy” 
transports  are  a highly  coupled  system,  and  since 
Figure  2 indicates  that  the  mixing-length 
hypothesis  doesn’t  provide  a dependable  param- 
eterization of  the  “eddy”  fluxes,  it  also  follows 
that,  in  this  type  of  2-D  transport  model,  the 
actual  meridional  circulation  is  not  necessarily 
the  best  choice  for  use  in  the  model.  Using  the 
actual  meridional  circulation  would  tend  to  lead 
to  a net  tracer  change  which  is  incorrect  because 
it  is  not  consistent  with  the  “eddy”  fluxes 
derived  from  use  of  the  mixing-length 
hypothesis.  This  leads  to  the  conclusion  that  the 
meridional  circulation  in  such  a model  should 
also  be  empirically  determined  to  provide  the 
best  “fit”  to  a set  of  observed  data.  Such  an 
argument  suggests  that,  in  such  2-D  transport 
models,  no  real  physical  significance  should  be 
given  to  the  calculated  transports  by  mean  cir- 
culation and  “eddies”.  The  only  valid  test  of 
this  kind  of  model  is  whether  or  not  the 
empirically  determined  net  behavior  is  consistent 
with  observations  of  actual  tracer  behavior. 

ONE-DIMENSIONAL  MODELS 

An  extremely  simple  kind  of  transport 
model  which  can  still  produce  quite  useful  results 
is  the  so-called  1-D  model.  In  these  models  either 
the  horizontal  coordinates  are  systematically 
averaged  over,  or  transport  in  these  dimensions  is 
ignored.  In  consistent  one-dimensional  models. 
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the  global  mean  vertical  flux  wR  is  “param- 
eterized” through  use  of  the  mixing-length 
hypothesis.  Here,  (~ )H  is  a global  average  over 
a horizontal  surface. 

As  in  previous  sections,  some  insight  into  the 
relative  validity  of  this  simple  “parameteriza- 
tion” of  atmospheric  transport  can  be  obtained 
by  analysis  of  results  from  the  general- 
circulation/tracer  model  experiments.  The  proce- 
dure employed  has  been  to  calculate 


for  various  periods  of  time,  averaging  from  the 
two  tracer  experiments  described  by  Mahlman 
(1973a)  and  reviewed  briefly  in  this  paper.  In  the 
mixing-length  hypothesis,  the  value  of  Kz  is 
assumed  to  be  a function  of  only  the  transport- 
ing motion  field,  and  independent  of  both  the 
details  of  the  tracer  field  and  the  specific 
structure  of  the  tracer  sources  and  sinks. 

There  appears  to  be  no  reason  to  expect 
such  assumptions  to  be  rigidly  valid  in  the 
atmosphere.  The  only  real  question  of  concern 
here  is  the  degree  to  which  such  assumptions  are 
violated.  If  this  can  be  assessed,  then  some 
insight  can  be  gained  into  the  fundamental 
limitations  inherent  in  1-D  models,  i.e.,  an 
assessment  of  the  basic  uncertainty  in  such  a 
model  even  when  the  “best  possible”  set  of  ICj’s 
has  been  determined. 

One  way  to  check  on  such  basic  uncer- 
tainties is  to  calculate  the  values  of  Kz  inde- 
pendently from  the  two  tracer  experiments  with 
the  same  model.  Since  the  advecting  wind  fields 
are  identical  in  the  two  experiments,  the  mixing- 
length  hypothesis  asserts  that  the  independently 
calculated  values  of  Kz  from  the  two  experi- 
ments should  be  the  same.  This  has  been  tested 
at  monthly  intervals  for  an  eleven-month  period 
common  to  the  two  tracer  experiments. 

The  results  of  this  test  are  plotted  on  a 
scatter  diagram  in  Figure  3.  In  this  figure  the 
l^’s  from  the  two  experiments  are  entered  as 
ordinate  and  abscissa.  The  numbers  1-6  indicate 
the  model  levels  (see  the  figure  caption).  If  the 
mixing-length  hypothesis  is  completely  valid,  all 
data  points  should  lie  on  or  very  near  the  heavy 


diagonal  fine.  Note  that  the  agreement  is  reason- 
ably close  for  model  levels  4,  5,  and  6.  These 
levels  are  near  the  mean  tropopause,  and,  for  this 
comparison  at  least,  show  a mean  agreement 
within  a factor  of  two.  At  level  3 (80.7  mb),  the 
scatter  of  points  is  significantly  larger.  At  level  2 
(S2.3  mb),  the  values  deviate  significantly  from 
the  “ideal”.  Also,  for  five  of  the  eleven  months 
at  level  2,  the  “Mid-Latitude  Point  Source” 
experiment  indicated  negative  values  of  (see 
upper  left  of  Figure  3).  This  occurred  because 
the  calculated  global-mean  vertical  flux  was 
upward  at  this  level  for  April  through  August, 
even  though  the  global-mean  tracer  increased 
upward. 

At  level  1 (27.6  mb)  the  discrepancy  is  very 
evident,  with  the  “Mid-Latitude  Point  Source” 
experiment  showing  values  of  nearly  an  order 
of  magnitude  larger.  The  cause  of  this  will  be 
discussed  later.  It  is  of  interest  to  note  that  the 
linear  correlation  coefficient  for  this  entire  data 
set  is  +0.55.  This  is  statistically  significant,  but 
not  particularly  high  considering  that  the  basic 
hypothesis  assumes  the  existence  of  a correlation 
coefficient  of +1.0. 

Because  of  the  considerable  scatter  in  the 
monthly  comparisons  of  Kz  calculations  shown 
in  Figure  3,  it  is  of  interest  to  examine  the  nature 
of  calculated  Kz’s  when  most  of  the  temporal 
meteorological  behavior  has  been  averaged 
out  — i.e.,  one-year  averages.  Recall  that  in  these 
experiments  the  same  one-year  period  of  advect- 
ing winds  is  used  for  successive  years.  It  should 
be  noted  that  the  real  atmosphere  thus  provides 
an  additional  source  of  uncertainty  due  to  its 
well-known  interannual  variability,  especially  in 
the  stratosphere. 

Figure  4 shows  the  distribution  of  calculated 
Kj  from  the  “Vertical  Stratification”  tracer 
experiment  for  the  first  year  of  the  experiment 
versus  the  second  year.  The  two  calculations 
agree  by  better  than  a factor  of  two  everywhere. 
Thus,  in  the  “vertical  stratification”  experiment, 
the  evolution  of  the  tracer  field  in  time  does  not 
appear  to  have  a large  effect  upon  the  model- 
calculated  values  of  global-mean  F^. 

Figure  5 shows  the  same  kind  of  calculation 
that  was  seen  in  Figure  4,  but  for  the  “Mid- 
Latitude  Point  Source”  tracer  experiment.  This 
figure  shows  very  large  year-to-year  differences  in 
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Figure  4.  Comparison  of  successive  one-year  average  values  of  1-D  Kz  inferred  from  the  3-D 
“Vertical  Stratification”  experiment.  In  each  case  the  advecting  wind  fields  are 
identical. 


Figure  5. 


.2  .3  .5 


20  30  50 


INFERRED  Kz  (104  cm2  •«  ' 


Comparison  of  successive  one-year  average  values  of  1-D  Kz  inferred  from  the  3-D 
“Mid-Latitude  Point  Source”  experiment.  In  each  case  the  advecting  wind  fields  are 
identical. 
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the  calculated  values  of  Kz,  varying  between  a Here  the  calculated  values  of  Kz  differ  by  an 

factor  of  two  and  an  order  of  magnitude.  In  this  order  of  magnitude.  The  explanation  for  this 

experiment  there  is  quite  a difference  between  difference  lies  in  the  basic  design  of  the  two 

the  tracer  distributions  in  the  first  and  the  tracer  experiments.  At  38  mb  and  below,  the 

second  years.  For  example,  in  the  second  year  model  formulations  in  the  two  experiments  are 

significant  amounts  of  tracer  are  located  in  the  identical.  In  each  case,  the  tracer  is  assumed  to 

equatorial  regions  and  the  Southern  Hemisphere.  be  inert  from  38  mb  down  through  190  mb,  and 

The  result  of  Figure  5 implies  that  the  effective  is  subject  to  the  same  removal  specifications  in 

Kj’s  “selected”  by  the  three-dimensional  the  troposphere.  However,  at  10  mb  the  tracer  is 

motions  are  rather  strongly  dependent  upon  the  inert  in  the  “Mid-Latitude  Point  Source”  experi- 

model’s  three-dimensional  distribution  of  the  ment,  whereas  in  the  “Vertical  Stratification” 

tracer.  The  model  meteorology  that  leads  to  such  experiment,  tracer  fluctuations  at  10  mb  are 

circumstances  is  quite  realistic.  Therefore,  it  is  assumed  to  be  instantaneously  damped  back  to  a 

reasonable  to  expect  similar  fundamental  limita-  time/space-independent  chemical-equilibrium 

tions  in  the  applicability  of  the  one-dimensional  value.  Thus,  the  one-dimensional  K.z  which  a 3-D 

mixing-length  hypothesis  to  tracer  problems  in  model  “selects”  is  also  dependent  upon  the 

the  actual  atmosphere.  nature  of  the  local  sources  and  sinks  which  act 

A comparison  of  two-year  average  values  of  on  the  tracer. 

Kz  from  each  tracer-model  experiment  is  shown  It  should  be  cautioned  that  the  Kz’s  calcu- 

in  Figure  6.  This  sh  >ws  that  longer-term  averages  lated  in  Figures  3-6  should  not  be  used  as  a 

of  Kz  from  the  two  experiments  are  generally  “correct”  set  for  direct  application  to  atmo- 

quite  similar.  A very  significant  exception  to  this  spheric  tracer  problems  in  preference  to  other 

occurs  at  the  top  model  half-level  (27.6  mb).  independent  determinations.  The  calculations 


.2  .3  .5  1 2 3 5 10  20  30  50  100 


INFERRED  Kz  |104  cm2  »«c'| 

Figure  6.  Comparison  of  two-year  average  values  of  1-D  Kz  from  the  3-D  “Vertical  Stratification” 
experiment  and  the  “Mid-Latitude  Point  Source”  experiment.  In  each  case  the  advecting  wind 
fields  are  identical.  (Note  significant  difference  at  27.6  mb). 
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and  tests  performed  here  were  designed  to  avoid 
that  question  by  examining  only  the  basic 
transfer  assumptions  as  viewed  from  the  frame- 
work of  a more  complex  model. 

Some  investigators  have  recently  suggested 
that  some  of  the  ambiguities  inherent  in  1-D 
models  might  be  reduced  significantly  if  the  term 
“horizontal”  were  redefined  to  mean  parallel  to 
lines  of  mean  height  of  the  tropopause  (e.g., 
Johnston  et  al.,  1976;  Hunten,  1976).  This  sug- 
gestion is  based  upon  the  general  observation 
that  mixing-ratio  isolines  of  many  tracers  tend  to 
lie  parallel  to  the  mean  tropopause.  Thus,  if  a 
parcel  of  air  on  one  of  these  surfaces  is  vertically 
transported  independently  of  its  “horizontal” 
position  on  this  surface,  the  one-dimensional 
transport  concept  would  be  valid.  Consequently, 
the  ambiguity  so  evident  in  Figures  3-6  would  be 
eliminated. 

This  idea  has  been  examined  in  a cursory 
manner  by  performing  a calculation  of  the 
zonal-mean  Kz  on  such  a coordinate  surface 
(1.5  km  above  the  model  mean  tropopause).  The 
results  of  this  calculation  are  given  in  Figure  7. 
This  suggests  that  the  tracer  vertical  transfer  is  a 
strong  function  of  “horizontal”  position  in  this 
coordinate  system.  For  example , in  the  tropics 
tracer  is  being  transported  upward  against  its 
mean  gradient,  while  in  mid-latitudes  tracer 
is  being  transported  strongly  toward  the 
troposphere. 


Figure  7.  Sample  calculation  of  model-computed  Kz 
along  a “horizontal  axis”  1.5  km  above 
the  mean  tropopause.  Data  is  taken  from 
the  “Mid-Latidude  Point  Source”  experi- 
ment and  is  a monthly  mean  for  January 
( 1 3th  month  of  experiment). 

However,  the  “tropopause  coordinate”  1-D 
model  may  still  represent  an  improvement  over 
the  usual  kind  of  I -D  model  discussed  in  Figures 
3-6,  even  though  a remaining  unsolved  problem 


in  this  concept  is  how  to  define  the  global  tracer 
amount  consistently  at  each  coordinate  level  in 
such  a model  without  ambiguity. 

BEHAVIOR  OF  TRACERS  WITH  AND 
WITHOUT  TROPOSPHERIC  SINKS 

Some  recent  work  by  Johnston  et  al.  (1975) 
has  indicated  that  significant  differences  exist 
between  the  behavior  of  nuclear-weapons- 
produced  particulate  radioactive  tracers  and 
gaseous  carbon-14.  Although  large  uncertainties 
are  present  in  both  data  sets,  the  apparently 
more  rapid  removal  of  the  particulate  tracer  has 
been  interpreted  as  being  due  to  the  effect  of 
preferential  gravitational  settling  of  particles  in 
the  stratosphere.  This  is  a definite  possibility, 
although  the  earlier  data  of  Telegadas  and  List 
(1969)  appears  to  be  inconsistent  with  this 
concept.  Further  discussion  on  this  point  is 
found  in  Chang  (1976).  Since  the  oxides  of 
nitrogen  emitted  by  a fleet  of  supersonic  aircraft 
exist  in  gaseous  form,  it  has  been  suggested  that, 
for  this  problem,  the  gaseous  carbon-14  behavior 
provides  the  most  appropriate  analog  for  calibrat- 
ing empirical  transport  models.  However,  it  may 
also  be  important  to  consider  that  the  particulate 
tracers  are  strongly  removed  in  the  troposphere, 
while  gaseous  carbon-14  experiences  only  very 
weak  tropospheric  removal. 

In  the  previous  section,  evidence  was  pre- 
sented which  indicates  that  the  “proper”  choice 
of  Kz  in  a 1 -D  transport  model  can  depend  rather 
strongly  upon  the  specific  types  of  sources  and 
sinks  acting  on  a given  tracer.  This  naturally  leads 
to  the  question  of  whether  or  not  a set  of  Kz’s 
determined  for  a given  tracer  with  a given 
distribution  and  “chemistry”  can  be  reliably  used 
for  a tracer  with  different  properties.  More 
specifically,  are  the  effective  Kz’s  for  strato- 
spheric tracers  with  and  without  tropospheric 
removal  mechanisms  the  same  or  different? 

Again,  the  general-circulation/tracer  model 
provides  a tool  for  examining  this  question.  As  a 
test,  the  tropospheric  sink  mechanism  was  dis- 
con tin uously  removed  from  the  “Mid-Latitude 
Point  Source”  tracer  experiment  code  at  the  start 
of  October,  year  2 (month  22).  As  before,  the 
model-determined  one-dimensional  Kz’s  were  cal- 
culated and  the  “No  Sink”  values  of  Kz  were 
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compared  against  those  of  the  regular  “Control” 
experiment. 

The  comparison  values  of  for  the  second 
month  of  the  “No  Sink”  experiment  are  shown 
in  Figure  8.  This  shows  that  the  tropospheric 
values  of  diminish  significantly  in  the  “No 
Sink”  experiment  relative  to  the  “Control” 
experiment.  Thus,  even  though  the  tropospheric 
tracer  values  are  strongly  increasing,  the  down- 
ward tracer  flux  decreases  relatively  faster  than 
the  global  mean  gradient  is  reduced.  This  is  yet 
another  example  of  how  the  transport  of  a tracer 
is  affected  by  its  sources  and  sinks. 

The  effect  of  this  process  on  the  long-term 
removal  of  tracer  from  the  stratosphere  is  not 
clear  at  the  present  time.  These  experiments  are 
currently  being  run  for  a much  longer  time 
interval  in  order  to  study  this  problem. 

The  question  naturally  arises  as  to  the 
physical  reasons  why  the  effective  Kz  appears  to 
be  noticeably  dependent  upon  the  nature  of  the 
sources  and  sinks  acting  on  the  tracer.  The  case 
shown  in  Figure  8 happens  to  be  one  in  which 


the  physical  explanation  is  reasonably  clear.  In 
the  “Mid-Latitude  Point  Source”  tracer  experi- 
ment, the  tropospheric  removal  processes  are 
dependent  upon  the  model-calculated  precipita- 
tion rate.  Because  precipitation  is  strongly 
coupled  with  ascending  air  parcels,  this  produces 
a tendency  for  the  ascending  air  to  have  very 
strong  local  tracer  removal  associated  with  it.  As 
a result,  the  transport  is  such  that  the  tracer 
amount  in  the  upward-moving  air  is  not  at  all 
typical  of  the  level  mean  tracer  amount.  This  is 
inconsistent  with  the  mixing-length  hypothesis. 
Note  in  Figure  8 that  this  effect  is  significant 
even  though  the  mean  gradient  between  the 
middle  troposphere  and  the  lower  stratosphere  is 
rather  large.  (The  “No  Sink”  level  mean  at 
1 1 0 mb  is  1 2.6  times  that  at  500  mb.) 

SUMMARY 

The  high-resolution  general-circulation/ 
tracer  model  described  by  Mahlman  (1973a)  has 
been  used  to  evaluate  some  of  the  assumptions 


Figure  8.  Comparison  of  monthly  mean  1-D  Kz  values  calculated  from  the  3-D  “Mid-Latitude 
Point  Source”  (control)  experiment  with  the  "No  Sink”  results  for  the  second  month 
after  sink  removal. 
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employed  in  less  comprehensive  transport 
models.  By  evaluating  within  the  framework  of 
the  comprehensive  model,  the  question  of  which 
model  is  the  most  suitable  for  current  application 
has  been  deferred. 

For  low-resolution  3-D  models,  evidence  was 
presented  which  indicates  that  significant  distor- 
tions in  the  tracer  transport  may  occur  unless  the 
model  is  able  to  resolve  scales  down  to  about  ten 
planetary  wavenumbers.  Furthermore,  the  model 
results  indicate  that  a considerable  amount  of 
tracer  “power”  exists  at  even  smaller  scales 
(n  = 10-48)  in  the  high-resolution  3-D  model. 
This  is  interpreted  as  being  indicative  of  a strong 
transfer  of  tracer  fluctuations  to  smaller  spatial 
scales. 

Some  aspects  of  the  mixing-length  hypothe- 
sis as  applied  to  2-D  models  were  examined.  The 
results  indicate  that  the  commonly  invoked  2-D 
mixing-length  assumptions  are  seriously  violated, 
in  the  sense  that  negative  horizontal  and  vertical 
“eddy”  diffusivities  are  frequently  indicated. 
This  suggests  rather  strongly  that  both  the 
“eddy”  transport  and  meridional-circulation 
specifications  should  be  regarded  as  being 
inherently  empirical  in  character  as  long  as  the 
“eddy”  mixing-length  hypothesis  is  used  in  such 
models.  It  was  thus  concluded  that  the  only 
acceptable  test  of  this  type  of  2-D  transport 
model  is  whether  or  not  the  net  behavior  of  the 
calculated  tracer  is  consistent  with  observations. 

The  tests  of  1-D  transport  assumptions 
indicate  frequent  violations  of  the  mixing-length 
hypothesis,  in  the  sense  that  the  calculated  values 
of  Kz  were  shown  to  be  dependent  upon  the 
three-dimensional  tracer  distribution  and  upon 
the  nature  of  the  specific  sources  and  sinks  acting 
on  a tracer.  These  results  suggest  that  even  the 
“best”  set  of  Kz’s  derived  to  “explain”  a given 
tracer  may  not  be  applied  with  high  confidence 
to  a tracer  with  a different  distribution  and 
different  sources  and  sinks. 

It  may  be  found  that  some  of  these  funda- 
mental uncertainties  can  be  reduced  without 
abandoning  the  simpler  model  frameworks.  To 
do  so  will  require  transport  “parameterizations” 
with  a firmer  physical  basis  than  that  provided 
by  the  traditional  mixing-length  hypotheses. 
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ABSTRACT:  Vertical  transport  of  inert  tracers  (or  grouped  constituents  such  as  odd  nitrogen)  is 
discussed.  It  is  argued  that  useful  results  can  be  obtained  in  a coordinate  system  based  on  the  mean 
tropopause.  A method  of  determining  the  eddy  coefficient  K is  presented.  A vertical  profile  of  K is 
obtained  from  methane  observations;  it  is  incorporated  into  a simple  transport  model  and  used  to 
predict  odd-nitrogen  mixing  ratios  for  several  fleets  of  aircraft,  both  supersonic  and  subsonic. 


STRATOSPHERIC  VERTICAL  TRANSPORT 

The  discussion  of  the  “hierarchy  of  models” 
in  CIAP  Monograph  3 (CIAP,  1975)  gives  an 
interesting  intellectual  framework  for  the  de- 
scription of  transport  in  stratospheric  modeling. 
In  this  framework,  a one-dimensional  representa- 
tion is  derived  by  averaging  its  three-dimensional 
“parent”  over  latitude  and  longitude.  Satisfying 
as  this  may  be,  it  is  not  really  much  help,  and 
may  even  be  a hindrance,  to  development  of  an 
understanding  of  the  atmosphere.  Actual';/,  one- 
dimensional models  have  an  existence  indepen- 
dent of  this  framework,  and  have  been  used  for 
the  past  20  years.  They  may  perhaps  be  regarded 


It  is  thus  worth  reminding  ourselves  of  its  more 
normal  role,  which  is  particularly  important  to 
those  of  us  who  think  about  other  planetary 
atmospheres  besides  the  Earth’s.  Theory  is  a kind 
of  armchair  exploration,  in  which  we  can  test 
various  ideas  and  see  which  ones  seem  most 
worth  following  up  observationally.  At  the  same 
time,  we  can  hope  to  improve  our  insight  into 
how  the  atmosphere  really  works.  Of  course, 
one-dimensional  models  will  not  teach  us  much 
about  atmospheric  motions,  but  that  is  not  their 
purpose:  they  are  aimed  at  deriving  a usable, 
tractable  description  of  atmospheric  chemistry. 

For  a one-dimensional  formulation  to  make 
sense,  the  mixing  ratio  f must  be  a global,  or  at 


as  an  engineering  approach  to  the  problems  of 
vertical  transport,  difficult  or  perhaps  impossible 
to  derive  from  fundamental  principles,  but  ob- 
tained instead  by  a physically  reasonable  short- 
cut. In  this  approach,  we  make  the  assumption 
that  the  flux  of  a substance  is  proportional  to  the 
gradient  of  its  mixing  ratio,  and  give  the  propor- 
tionality constant  the  unfortunate  name  “eddy 
diffusion  coefficient”.  (The  name  is  not  fully 
descriptive,  and  conjures  up  in  some  minds  the 
idea  of  small-scale  turbulence,  which  is  not  really 
appropriate.  Indeed,  much  of  the  vertical  trans- 


least hemispheric,  average;  it  is  best  if  f is 
uniform  worldwide.  The  natural  tracers  CH4  and 
N20  obey  this  last  restriction  very  well,  for  they 
originate  in  the  ground  and  are  well  distributed 
by  motions  in  the  troposphere.  As  they  move  up 
through  the  stratosphere,  these  molecules  are 
slowly  destroyed  by  photochemical  processes  at 
a calculable  rate.  The  resulting  gradient  of  their 
mixing  ratio  has  been  observed,  and  they  are 
therefore  particularly  valuable  as  tracers  for  the 
rate  of  the  mixing  process.  (This  application  is 
discussed  below  in  some  detail.) 


port  seems  to  be  performed  by  motions  of  very 
large  scale;  and  on  the  other  hand,  some  motions 
can  carry  material  up  and  then  back  again 
without  giving  any  mixing  to  speak  of.) 

The  need  to  assess  scientific  questions  that 
have  immediate  societal  import  has  placed  a lot 
of  emphasis  on  the  engineering  aspects  of  theory. 


Most  artificial  sources  of  odd  nitrogen 
within  the  stratosphere  are  fairly  concentrated 
geographically  (e.g.,  aviation  corridors),  so  the 
applicability  of  a one-dimensional  eddy  treat- 
ment must  be  questioned.  The  situation  is  not 
nearly  so  bad  as  might  be  expected,  as  has  been 
seen  in  the  behavior  of  radioactive  clouds  from 


*A  shorter  version  of  this  paper  appeared  in  the  Proceedings  of  the  National  Academy  of  Sciences  (Vol.  72,  pp  4711-4715, 
1975). 


nuclear  tests  (e.g.,  Gudiksen  et  al.,  1968; 
Johnston  et  al.,  1973,  1976).  In  a few  months, 
material  spreads  all  around  a latitude  circle,  with 
somewhat  slower  north-south  spreading.  This 
horizontal  spreading  is  able  to  give  fair  unifor- 
mity within  a hemisphere  before  a large  amount 
of  vertical  motion  can  take  place. 

A more  serious  difficulty  is  found  in  the 
nature  of  the  tropopause  and  the  stratospheric 
motions  just  above  it.  The  tropopause  is  defined 
as  the  level  at  which  the  tropospheric  vertical 
lapse  rate  of  several  degrees  Celsius  per  kilometer 
gives  way  to  a height-independent  temperature, 
characteristic  of  the  stratosphere.  The  tropo- 
pause height  is  around  9 km  in  polar  regions,  and 
17  km  over  the  equator.  To  a first  approxima- 
tion, horizontal  mixing  takes  place  along  surfaces 
parallel  to  the  tropopause  (Davidson  et  al.,  1966; 
Reed  and  German,  1965).  Thus,  at  least  at  the 
heights  reached  by  aircraft,  the  important  height 
is  the  distance  above  the  tropopause,  not  above 
the  ground.  Although  this  picture  is  over- 
simplified, it  is  probably  the  best  available  for 
quantitative  use.  Two-dimensional  models  offer  a 
considerable  improvement  in  principle,  but  I 
have  little  faith  in  their  results,  because  of  the 
difficulty  in  prescribing  realistic  eddy  coeffi- 
cients in  the  absence  of  large  amounts  of  tracer 
data.  The  assumption  that  material  spreads  over  a 
hemisphere,  while  cruder  in  principle,  at  least 
reproduces  the  general  features  of  the  observed 
behavior  of  radioactive  clouds. 

In  transport  calculations,  the  “tropopause” 
is  a level  at  which  the  eddy-diffusion  coefficient 
changes  from  a large  tropospheric  value  to  a 
small  stratospheric  value.  There  are  reasons,  both 
theoretical  and  empirical,  for  associating  this 
level  with  the  tropopause  defined  from  the 
temperature  profile.  But  there  is  no  assurance 
that  the  two  are  the  same,  especially  in  the  data 
from  a particular  vertical  sounding;  to  avoid 
confusion,  we  should  really  use  a different  name, 
such  as  “transport  tropopause”. 

In  a one-dimensional  model,  the  vertical  flux 
<p  (molecules  cm"2  sec'1)  of  tracer  is  assumed  to 
be  proportional  to  the  gradient  of  its  muting 
ratio  f;  the  proportionality  constant  is  Kna, 
where  K is  the  eddy-diffusion  coefficient  and  na 
is  the  number-density  of  air  molecules: 

df 

(1) 


K is  a purely  empirical  quantity,  to  be  deter- 
mined (as  shown  in  examples  below)  by  substi- 
tuting observed  quantities  for  the  other  variables 
in  (1).  To  simplify  the  description,  we  model  the 
atmosphere  as  isothermal,  with  a constant  scale 
height  H;  thus,  its  number-density  or  concentra- 
tion na  varies  as  exp(-z/H).  It  is  convenient  to 
measure  the  height  z from  the  tropopause  level 
zt,  where  na  = nat;  we  write  h = (z  - zt)/H,  a 
nondimensional  height  in  units  of  H,  and  na  = 
nat  exp(-h).  The  solution  of  the  differential 
equation  (1 ) is 

(2) 

and  the  integral  can  be  evaluated  if  suitable 
functional  forms  are  chosen  for  <t>  and  K.  In  a 
region  of  the  atmosphere  where  they  are  con- 
stant, Eq.  (2)  becomes 


f = A- 


<pH 
Kna  ’ 


(3) 


where  A is  the  constant  of  integration;  or,  since 
f=  n/na, 


n = Ana-f^'  (4) 

According  to  Eq.  (3),  f=A  if  0 = 0;  this  con- 
stancy does  not  depend  on  our  simplifying 
assumptions,  as  may  be  seen  from  Eq.  (1). 
Conversely,  the  second  term  in  Eqs.  (3)  and  (4) 
gives  a constant  term  in  the  number  density  for  a 
downward  flux. 

Figure  la  shows  an  illustrative  model  for  the 
troposphere  and  stratosphere;  at  the  tropopause, 
K changes  from  105  to  3 X 10^  cm2  sec"1.  In 
each  region  Eq.  (3)  or  (4)  can  be  applied  with  a 
different  value  of  A,  and  the  solutions  can  be 
made  to  agree  at  the  interface  between  the  two 
regions.  The  source  is  taken  to  have  a strength, 
averaged  over  the  globe,  of  Q molecules  cm"2 
sec'1  at  the  nondimensional  height  hq.  At  greater 
heights,  <p  = 0 once  a steady  state  has  been 
attained,  and  therefore  f is  constant.  Below  hq,  0 
has  the  constant  value  -Q.  We  assume  that  the 
pollutant  is  removed  at  the  surface;  removal  in 
rain  would  give  a similar  result.  Tropospheric 
(subscript  t)  density  profiles  for  two  values  of  A, 
are  shown  in  Figure  lb.  The  density  at  the 
tropopause  is  insensitive  to  A(,  which  can  be 
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Figure  1.  The  simple  two-layer  model,  (a),  the  eddy-diffusion  coefficient  K;  (b),  the  density  of  a 
minor  constituent  for  equal  sources  at  zq  = 16  and  22  km;  also  the  residence  time 
(Hunten,  1975);  (c),  the  corresponding  mixing  ratios  of  the  minor  constituent. 


taken  as  zero;  then  nt  = QH/Kt  (cf.  Hunten, 
1969).  With  this  density  as  the  lower  boundary 
condition  for  the  stratosphere  (subscript  s),  the 
stratospheric  profile  up  to  height  hq  is: 


= (1  - 0.97e'h). 

Ivc 


Above  hq,  the  aforementioned  constant  value  of 
f is  obtained  by  substituting  hq  for  h in  Eq.  (5). 
The  result  is 


f - _Q1L 

q " Ksnat 


(exp  hq-  0.97). 


Examples  are  shown  in  Figures  lb  and  c,  for 
sources  1 and  7 km  above  the  tropopause. 

It  is  useful  to  represent  the  results  of  a 
transport  model  by  an  “injection  coefficient”  a, 
following  a suggestion  by  McElroy  et  al.  (1974). 
As  Figure  lc  illustrates,  the  mixing  ratio  above 
the  source  is  independent  of  height;  we  shall  call 
it  fq.  fq  is  related  to  the  source  strength  Q by  the 
definition  of  a, 

fq  = «Q,  (7) 

where  a depends  on  the  source  height  hq.  A 
typical  value  for  a at  18  km  is  5 X 10-1 7 cm2 
sec.  A source  strength  Q = 108  molecules  cm'2 
sec'1  then  gives  a mixing  ratio  5X  10-9,  or 
5 ppb.  If  several  sources  are  present,  perhaps 


including  natural  ones,  their  contributions  to  f at 
each  height  are  simply  added.  The  reduction  of 
ozone  by  odd  nitrogen  occurs  mainly  by  reac- 
tions above  25  km.  Thus,  for  a source  at  any 
lower  height,  the  injection  coefficient  permits  an 
immediate  calculation  of  the  corresponding 
change  of  odd-nitrogen  mixing  ratio.  A curve  of 
a as  a function  of  height  has  the  same  form  as 
the  envelope  in  Figure  lc. 

More  interesting  than  the  oversimplified 
stratospheric  model  so  far  discussed  is  one  in 
which  K varies  exponentially  with  height.  A 
similar  variation  of  0 can  also  be  included,  by  an 
obvious  extension.  If  the  scale  height  for  K is 
Hk  = -H/a,  we  have 

K = Kq  exp(ah)  (8) 

= K0natexp-(l-a)h.  (9) 

Kq  is  the  value  of  K at  the  lower  boundary, 
usually  the  tropopause.  The  scale  height  of  the 
product  Kna  in  Eq.  (9)  is  Hp,  and 


-L  = 1 + J_ 

Hp  H Hk 


It  is  found  below  that  HK  is  negative  (K  increases 
with  height)  and  a,  as  defined,  is  therefore 
positive.  The  solutions  (3)  and  (4)  remain  the 
same,  but  with  K a function  of  z,  and  H replaced 
by  Hpj  for  example. 


f = A- 


Kna(l-a)- 
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The  injection  coefficient  a is  obtained  by  divid- 
ing (1 1)  by  Q = -0  and  evaluating  at  source  height 
zq.  The  result  is  always  of  the  form 


= C[exp(l-a)hq-D]  . 


Comparison  with  Eq.  (1 1)  shows  that  C = Hp/ 
(Kflnat).  Algebraic  expressions  for  D are  often 
fairly  complicated;  it  is  usually  most  easily  eval- 
uated by  matching  the  value  of  a at  the  lower 
boundary  of  the  layer  with  the  value  at  the  top 
of  the  next  lower  layer.  Table  1 shows  values  of 
C,  D,  zt,  and  Hp  for  the  models  derived  below, 
and  Figure  2 shows  the  corresponding  profiles  of 
a. 


Table  1.  Model  Parameters  for  Use  in  Eq.  (12) 


All 

Models 

2-Layer 

Model 

3-Layer 

Model 

Layer 

t* 

s 

b 

s 

z,  (Km) 

11 

15 

10 

14 

H,  Hp  (Km) 

6.2 

18.1 

6.2 

18.1 

C* 

0.082 

20 

0.29  16.7 

D 

0 

0.992 

0.7 

0.979 

*t  = troposphere  (K  = 10s  cm2  sec'1) 
b = boundary  layer  (4  km  deep.  K = 3 X 104) 
s = stratosphere  (K  from  Figure  3) 

**C  is  in  units  of  1017  cm2  sec. 

Residence  times  can  also  be  calculated  in  the 
present  framework  (Hunten,  1975),  though  they 
must  be  used  with  caution.  The  residence  time  is 
conveniently  defined  as  the  ratio  of  stratospheric 
burden  to  the  source  strength. 

USE  OF  NATURAL  TRACERS 

The  eddy-diffusion  coefficient  K in  Eq.  (1) 
is  a parameter  to  be  determined  from  observa- 
tions of  appropriate  natural  tracers.  Here  we  shall 
focus  on  methane,  CH4,  which  is  the  best- 
observed  of  the  suitable  substances.  The  relevant 
data  are  shown  as  points  in  Figure  3.  Inspection 
of  these  results  shows  a small  but  distinct 
gradient  of  the  mixing  ratio  starting  at  the 
tropopause.  The  measurements,  obtained  by 


Figure  2.  Injection  coefficients  for  the  two  models 
of  Table  1.  The  squares  were  taken  from 
the  papers  of  McEIroy  et  al.  (1974)  and 
McConnell  and  McEIroy  (1973). 

Ehhalt  et  al.  (1972)  and  Ehhalt  and  Heidt 
(1973),  are  of  exceptional  quality.  Samples, 
obtained  by  balloons  (or,  at  50  km,  by  a rocket), 
were  analyzed  on  the  ground  by  gas  chromatog- 
raphy. Methane  can  also  be  observed  spectro- 
scopically (Kyle  et  al.,  1969;  Cumming  and 
Lowe,  1973)’  the  results  confirm  the  ones  used 
here,  b. ' do  r">t  efine  the  gradients  well  enough 
for  the  present  analysis. 
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Figure  3.  Methane  mixing  ratios  from  the  balloon 
data  and  the  50-km  rocket  measurement 
of  Ehhalt  et  al.  (1972).  The  curved  line, 
drawn  by  eye.  was  used  to  obtain  the 
profile  of  K. 
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Since  Figure  3 is  a semilogarithmic  plot,  the 
slope  is  the  logarithmic  derivative,  which  may  be 
written 

dlnf/dz  = (l/0(df/dz)  = -1/Hf , 

so  that  Hf  is  the  scale  height  of  the  mixing  ratio. 
Then  Eq.  (1)  may  be  written 

K(z)  = --tfl  , £(lHflz?  (,3, 

na(df/dz)  n(z)  ' 1 


The  number  density  n(z)  is  taken  directly  from 
the  measurements  shown  in  Figure  3;  to  get 
H,-(z)  we  must  estimate  the  slopes,  which  are 
obviously  rather  uncertain.  The  curve  shown  is 
typical  of  those  that  can  be  drawn  through  the 
points;  they  all  give  similar  results  for  K,  within  a 
factor  of  two  or  so.  The  flux  <j>( z)  is  derived  from 
the  observed  profile  with  the  use  of  a computed 
photochemical  lifetime  r(z),  discussed  further 
below.  For  a constituent  that  is  destroyed  but 
not  produced  in  the  atmosphere,  the  continuity 
equation  and  its  integral  are 

— = -loss  rate  = - 

dz  r(z) 


0(z)  = / (n/r)dz  . 


This  expression  is  readily  evaluated  in  steps, 
working  down  from  the  top,  where  0 = 0,  and 
using  the  observed  n(z). 

Substitution  into  Eq.  (13)  gives  a somewhat 
scattered  set  of  points,  which  are  well  repre- 
sented by  the  straight  line  and  upper  scale  of 
Figure  3.  Many  other  representations  of  the  data 
could  have  been  picked,  but  this  one,  an  expo- 
nential function  of  height,  is  convenient  because 
it  allows  the  analytic  solution  of  the  eddy 
equation  used  here.  It  is  represented  by 

K = 2200  exp(z-14)/9.43  cm2sec'*  , (15) 

which  is  2200cm2sec‘l  at  14  km  and  3.5  X 104 
at  40  km.  HK  is  -9.43  km,  H„  is  18.1  km,  and  a 
is  0.657.  P 

The  same  methane  data  have  already  been 
analyzed  by  Wofsy  and  McElroy  (1973);  their 


technique  was  to  postulate  various  profiles  of  K 
and  pick  the  one  that  predicted  the  best  methane 
profile.  The  resulting  K’s  are  greater  by  a factor 
of  four  above  30  km,  and  differ  only  slightly 
below  20  km.  Another  analysis,  with  data  from 
an  additional  balloon  flight,  has  been  mentioned 
by  Ehhalt  et  al.  (1974);  see  also  Crutzen  (1974). 
These  values  are  somewhat  larger  yet.  Probably 
much  of  this  spread  comes  from  differing  esti- 
mates of  the  photochemical  lifetimes;  another 
reason  for  it  is  Crutzen’s  use  of  daytime  values 
for  r(z)  instead  of  diurnal  means. 

Since  the  photochemical  lifetime  is  a princi- 
pal source  of  uncertainty,  it  is  worth  some 
discussion.  Methane  is  attacked  by  OH  and 
0('D).  The  latter  also  produces  most  of  the  OH, 
at  the  heights  of  concern  here,  from  water  vapor. 
Both  0(*  D)  and  OH  are  absent  at  night,  and  a 
diurnal-average  concentration  must  be  used.  Cal- 
culation of  the  OH  density  is  discussed  in  detail 
by  Wofsy  et  al.  (1972),  and  another  treatment 
valid  above  40  km  is  given  by  Hunten  and 
Strobel  (1974).  Both  papers  show  good  agree- 
ment with  rocket  dayglow  observations  above 
45  km  by  Anderson  (1971).  Some  uncertainty 
follows  from  the  need  to  extrapolate  to  low 
temperatures  the  rate  coefficient  for  the  reaction 
of  OH  with  CH4.  Wofsy  et  al.  adopt  a result 
based  on  Greiner  (1970),  recently  confirmed  by 
Margitan  et  al.  (1974).  The  values  used  here 
(Wilson,  1972)  are  about  half  as  large  at  strato- 
spheric temperatures,  and  lead  to  a slight  under- 
estimate of  the  eddy  coefficients.  Another  diffi- 
culty in  calculating  OH  concentrations  is  the  loss 
rate  of  odd  hydrogen,  controlled  by  the  reaction 
of  OH  and  H02. 

The  source  of  0('D)  atoms  in  photolysis  of 
ozone,  and  their  principal  sink  in  collisional 
quenching  by  N2  and  02,  are  both  readily 
evaluated.  Current  estimates  for  the  lifetimes  of 
CH4,  and  also  of  N20  and  CO,  are  shown  in 
Figure  4.  N20  is  destroyed  primarily  by  photoly- 
sis (Bates  and  Hays,  1967;  McConnell  and 
McElroy,  1973);  a minor  branch,  attack  by 
0('  D),  is  an  important  source  of  odd  nitrogen,  as 
discussed  below.  CO  is  a less  valuable  tracer  than 
the  others,  because  it  is  both  produced  and 
destroyed  by  OH  reactions  in  the  stratosphere. 

Only  one  profile  of  N20  is  available  so  far 
(Ehhalt  et  al.,  1974);  the  eddy  coefficients  de- 
rived from  CH4  fit  it  fairly  well,  but  several  more 
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Figure  4.  Loss  time  constants,  r,  for  use  in  Eq.  (14). 

The  NjO  results  are  from  Bates  and  Hayt 
(1967),  and  the  others  were  calculated 
with  the  OH  and  0( 1 D)  concentrations  of 
McElroy  et  al.  (1974). 

flights  seem  needed  to  define  an  average  situa- 
tion. The  virtue  of  the  CO  profile  is  that  it 
clearly  points  to  a discontinuity  of  K at  the 
tropopause  (Seiler  and  Warneck,  1972).  Its  life- 
time, as  seen  in  Figure  4,  is  short  compared  to 
transport  times;  thus,  it  is  difficult  to  get  any 
more  information  about  K from  it. 

Seiler  and  Warneck  (1972)  also  point  out  the 
utility  of  ozone  in  transport  calculations,  since  it 
approximates  a conserved  tracer  in  the  vicinity  of 
the  tropopause.  According  to  Eq.  (1),  K(df/dz) 
should  not  change  as  this  boundary  is  crossed,  if 
<t>  is  constant.  From  averaged  ozone  observations, 
it  is  found  that  4f/dz  increases  by  a factor  of  38. 
This  figure  would  be  : used  to  50  by  a rough 
allowance  for  the  change  of  na  between  the 
regions  in  which  the  two  slopes  were  estimated. 
Thus,  if  K is  IX  10s  in  the  troposphere,  then  it 
is  2 X 103  just  above  the  tropopause.  Downward- 
flowing tracers  have  the  great  virtue  of  showing 
large,  readily-observable  gradients  of  f,  but  ozone 
must  be  used  with  caution  because  it  is  far  from 
inert  at  some  altitudes. 

It  is  an  obvious  conclusion  that  the  potential 
value  of  tracers  for  defining  transport  parameters 
in  the  stratosphere  has  barely  begun  to  be 
realized.  The  techniques  exist  to  make  the 
measurements;  they  simply  have  not  been  used 
on  an  adequate  scale.  Although  the  situation  is 
not  so  bad  for  methane,  more  data  would  still  be 
valuable.  Calibration  of  2-dimensional  models  is 
a nearly  hopeless  task  at  present. 


The  natural  tracers  have  been  observed 
almost  exclusively  at  a latitude  near  30°N,  where 
the  height  of  the  tropopause  is  1 5 km.  For  other 
latitudes,  it  has  been  argued  above  that  the  rele- 
vant height  scale  should  be  based  on  the  tropo- 
pause height.  In  addition,  a boundary  layer  can 
be  inserted  in  the  region  10-14  km,  using  an 
intermediate  value  of  K,  3 X 104  cm2  sec'1 . Such 
a 3-layer  model  (see  Table  1)  has  been  adopted 
with  considerable  success  in  a very  recent  study 
(Johnston  et  al.,  1976)  of  the  transport  of 
carbon-14  from  nuclear  tests,  and  will  be  used 
here  as  the  standard. 

ODD  NITROGEN,  NATURAL 
AND  ARTIFICIAL 

Before  one  can  have  confidence  in  predicted 
effects  of  artificial  sources,  one  should  be  able  to 
show  that  the  natural  situation  is  adequately 
described.  Such  a description  is  a bit  beyond  the 
simple  method  discussed  here,  but  it  can  be  used 
to  illuminate  an  existing  computation,  that  of 
McElroy  et  al.  (1973).  N20,  discussed  above  as  a 
tracer,  is  also  the  principal  source  of  odd 
nitrogen  in  the  stratosphere.  Its  lifetime,  shown 
in  Figure  4,  is  almost  entirely  determined  by 
photolysis  into  N2  + O.  This  process  gives  even 
nitrogen,  but  a slower  one,  attack  by  (X'D), 
gives  odd  nitrogen  (2  molecules  of  NO)  or  even 
nitrogen  (N2  + 02)  at  equal  rates.  According  to 
McConnell  and  McElroy  (1973),  the  resulting 
natural  source  strength  Q is  about  7X107 
molecules  cm"2  sec"1,  spread  mainly  over  the 
2040  km  range.  For  their  profile  of  K,  the 
injection  coefficient  at  30  km  is  a = 17  X 10'17 
cm2  sec;  the  product  aQ  gives  a mixing  ratio  f = 
12  X I O'9,  or  12  ppb.  This  result  is  insensitive  to 
the  assumed  values  of  K:  with  faster  transport 
the  source  Q is  larger,  but  a is  smaller  because 
the  loss  of  odd  nitrogen  is  greater. 

Another  possible  source  of  odd  nitrogen  is 
destruction  of  NH3,  though  the  actual  end 
product  is  not  known.  McConnell  (1973)  finds 
that  the  source,  if  such  it  is,  has  an  effective 
height  around  20  km,  and  a magnitude  very  close 
to  that  for  N20.  But  the  injection  coefficient  is 
smaller  than  that  of  N20  by  a factor  of  7;  thus 
the  source  from  NH~  makes  at  most  only  a 
minor  contribution  to  odd  nitrogen  at  higher 
altitudes,  as  McConnell  also  points  out. 
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The  response  of  the  ozone  concentration 
[Oj]  to  an  increment  of  odd  nitrogen  is  compli- 
cated by  feedback  effects,  which  are  analyzed  by 
McElroy  et  al.  (1974)  and  found  to  be  small  but 
not  negligible.  No  attempt  is  made  here  to 
discuss  the  chemistry  of  odd  nitrogen,  which  is 
treated  merely  as  a conserved  tracer.  Instead,  the 
computed  results  by  McElroy  et  al.  (1974)  are 
adopted.  McElroy’s  result  (their  Table  5)  is 
represented  by 


- 100 


A[03] 


[031 


= 5 = 1.405  f -. 0105  f2,  (16) 


where  f in  parts  per  billion  is  equal  to  fq  in  Table 
2.  Thus,  an  increment  of  1 ppb  in  fq  would 
reduce  the  ozone  abundance  by  5 = 1 .4%. 

Artificial  sources  must  be  treated  carefully 
because  they  are  not  spread  worldwide  like  the 
natural  tracers.  Most  of  the  remarks  here  will  be 
confined  to  air  traffic  in  the  northern  hemisphere 
at  about  45°N.  The  material  is  assumed  to  spread 
uniformly  over  the  whole  hemisphere.  In  truth, 
there  is  some  leakage  across  the  equator,  but 
there  will  also  be  a tendency  for  a maximum 
amount  to  be  near  the  source.  These  two  effects 
come  close  to  compensating  for  each  other,  and 
the  estimates  should  be  valid  for  middle  lati- 
tudes. There  may  indeed  be  a considerable 
“corridor  effect”  at  the  heights  where  the  air- 
craft fly.  But  the  odd  nitrogen  must  move 
upwards  to  25-30  km  to  significantly  affect  the 
stratospheric  ozone  production.  Ozone  in  turn 
spreads  outwards  and  downwards  from  this  same 
region.  These  two  smoothing  processes  will 
almost  certainly  eliminate  any  substantial  cor- 
ridor effect  in  reduction  of  the  total  ozone 
column  (Cunnold  et  al.,  1975). 

The  area  of  each  hemisphere  is 
2.55  X 1018  cm2.  Odd-nitrogen  emissions  are 
usually  expressed  in  109  g/year,  or  kilotons/year, 
in  the  form  of  N02.  One  kT/y  (which  is  the 
amount  produced  by  a Concorde  or  TU-144 
flying  7 hours  a day)  therefore  corresponds  to  a 
source  strength  of  1.62  X 105  molecules  cm'2 
sec'1 . With  the  injection  coefficient  a in  units  of 
10" 17  cm'2  sec'1  and  the  source  0’  in  units  of 
kT/y,  we  obtain  for  the  mixing  ratio 


fq  = 0.0016  aQ' parts  per  billion. 


(17) 
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Table  2.  Predicted  Effects  of  Various  Assumed  Fleets 
of  Aircraft. 


Subsonic 

Present 

SST 

Advanced 

SST 

Number 

1000 

1000 

60 

200 

O'  (kT/y) 

600 

600 

60 

800 

Height  (km) 

12 

13 

16 

20 

Effective  height 

14 

15 

18 

22 

a(10'17  cm2  sec) 

0.35 

1.27 

4.45 

9.6 

fq  (PPb) 

0.34 

1.22 

0.43 

12.3 

O J loss  (%) 

0.47 

1.7 

0.60 

17 

NOTES:  The  “advanced 

SST”  is 

arbitrarily 

taken  to 

produce  four  times  the  odd  nitrogen  of  a 
Concorde.  The  2-km  difference  between  the 
actual  and  effective  heights  allows  for  the 
translation  from  high-latitude  flight  paths  to  a 
model  for  30°  latitude.  The  last  three  lines 
give  the  injection  coefficient  for  the  three- 
layer  model,  the  odd-nitrogen  mixing  ratio, 
and  the  expected  ozone  reduction  for  one 
hemisphere. 


Most  long-distance  air  traffic  is  at  high 
latitudes,  where  the  height  of  the  tropopause  is 
10-12  km  (Jocelyn  et  al.,  1973).  It  is  assumed 
that  the  1 2-km  boundary  should  be  converted  to 
14  km  for  use  with  Model  2 of  Table  1;  thus, 
2 km  is  added  to  all  heights  to  give  “effective 
heights.”  Predictions  for  several  assumed  fleets 
are  given  in  Table  2.  The  number  of  “jumbo”  jets' 
is  2.5  times  the  1974  fleet,  and  has  been  assumed 
to  fly  somewhat  higher.  The  prediction  is  ex- 
tremely sensitive  to  the  exact  height,  as  illus- 
trated by  the  two  assumed  heights  for  the 
subsonic  fleet  in  the  table.  The  effects  shown  are 
beginning  to  be  appreciable,  but  one  can  be  fairly 
sure  that  today’s  smaller  fleet  has  not  yet  made  a 
serious  dent  in  the  ozone.  A relatively  modest 
fleet  of  Concordes  and  TU-144’s  could  be  signifi- 
cant, and  a larger  fleet  of  advanced  aircraft  very 
serious  indeed.  Needless  to  say,  the  effects  from 
different  groups  of  aircraft  are  additive. 

These  predictions  are  considerably  greater 
than  those  of  McElroy  etal.  (1974),  who  delib- 
erately adopted  a highly  conservative  approach. 
Their  tropopause  was  high,  16  km,  and  no 
adjustment  was  made  to  actual  flight  altitudes. 
Emissions  were  averaged  over  the  globe,  rather 
than  half  of  it.  For  flights  primarily  over  the 
North  Atlantic,  the  present  assumptions  should 
be  realistic. 
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SUMMARY 

The  effect  of  odd  nitrogen  on  stratospheric 
ozone  can  be  estimated  with  good  accuracy  by 
breaking  down  the  problem  into  its  parts.  The 
sources  and  sinks  of  odd  nitrogen  are  first  treated 
as  discussed  above.  Second,  the  partitioning 
among  the  major  forms  NO,  N02,  and  HNOj  is 
calculated.  Finally,  the  destruction  of  Oj  by 
N02  is  obtained.  The  second  and  third  steps  can 
be  represented  by  Eq.  (16),  obtained  from  the 
detailed  results  of  McElroy  et  al.  (1974).  This 
simplified  method  belongs  more  to  the  domain 
of  a hand  calculator  than  to  that  of  a computer. 

Although  one  can  be  confident  regarding  the 
general  behavior  of  the  eddy-diffusion  coefficient 
up  to  40  km  or  so,  it  would  be  valuable  to  have 
many  more  observations  of  natural  tracers, 
especially  CH4,  N20,  and  CO.  Another  impor- 
tant quantity  is  the  OH  concentration,  needed 
for  interpreting  the  CH4  and  CO  distributions. 
The  region  just  above  the  tropopause  is  especially 
tricky,  and  especially  important  because  of  the 
possible  impact  of  subsonic  aviation.  At  present 
this  impact  is  negligible,  but  as  air  traffic  grows 
and  aircraft  fly  higher,  a noticeable  depletion  of 
ozone  is  a real  possibility.  To  protect  the 
stratosphere,  subsonic  jet  engines,  as  well  as  their 
supersonic  cousins,  may  have  to  be  modified  to 
produce  less  odd  nitrogen. 
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ABSTRACT:  During  1974,  at  least  seven  one-dimensional  models  of  vertical  eddy  transport  and 
photochemistry  have  been  used  to  predict  the  reduction  of  ozone  by  nitrogen  oxides  from  supersonic 
transports.  Chang  (1974)  has  shown  that  these  predictions  are  sensitive  to  the  assumed  values  for  the 
vertical  eddy-diffusion  coefficient  Kz.  In  this  article,  an  effort  is  made  to  calibrate  the  one-dimensional 
Kz  functions  against  quantitative  data  for  the  dissipation  of  excess  carbon-14  from  the  stratosphere 
during  the  period  1963-70.  The  data  for  excess  carbon-14,  following  the  nuclear-bomb  test  series  of 
1961-62,  were  published  in  1971  and  1972,  but  they  have  not  been  used  to  derive  the  various  Kz 
functions.  Tables  of  these  data  are  presented  in  a form  that  may  be  useful  to  others  in  calibrating 
two-dimensional  and  three-dimensional  models  of  stratospheric  motion.  In  checking  the  one- 
dimensional models,  the  direct  observations  by  balloons  at  30°N  are  primarily  used.  Also,  these  data 
are  interpreted  as  a special  hemispherical  average  (averaging  along  lines  parallel  to  a standard,  sloping 
tropopause).  The  carbon-14  data  and  strontium-90  data  differ  in  many  important  respects,  and  it  is 
judged  that  the  carbon-14  data  give  the  better  estimate  of  air  motion  in  the  stratosphere.  The  seven  Kz 
models  give  predictions  that  differ  strongly  from  one  model  to  another.  The  models  that  give  a fairly 
realistic  prediction  of  carbon-14  distribution  and  persistence  are  those  with  minimum  Kz  between  15 
and  20  km  and  with  increasing  Kz  from  20  to  50  km.  Models  with  these  features,  as  recalculated  by 
Chang  (1974),  agree  with  each  other  as  to  ozone  reduction  by  artificial  nitrogen  oxides  from  SST’s. 
These  models  are  used  to  predict  the  ozone  reduction  by  SST’s  according  to  Grobecker’s  (1974) 
upper-bound  projection  out  to  the  year  2025.  Very  large  reauctions  of  global  ozone  are  indicated  - 
more  than  a factor  of  two  - for  traffic  of  that  magnitude. 


INTRODUCTION 

The  catalytic  reduction  of  stratospheric 
ozone  by  nitrogen  oxides  from  supersonic  trans- 
port (SST)  exhausts  was  calculated  earlier  by 
means  of  a “box  model”  and  steady-state  photo- 
chemistry (Johnston,  1971).  At  that  time,  the 
natural  background  of  nitrogen  oxides  (NOx) 
was  not  known,  the  quantity  of  NOx  expected  to 
be  emitted  by  future  SST  fleets  was  uncertain, 
and  the  photochemical-atmospheric  model  was 
primitive,  though  efficient.  By  the  end  of  1974, 
these  uncertainties  had  been  greatly  reduced. 
During  1974,  a substantial  number  of  measure- 
ments of  NOx  in  the  stratosphere  were  reported, 
and  were  summarized  by  Hard  (1975).  Gro- 
becker  (1974)  has  published  a projection  for  the 
years  1990-2025  of  future  SST  traffic  in  the 


stratosphere,  and  he  gave  an  estimate  of  the 
amounts  of  nitrogen  oxides  that  would  be 
emitted  in  the  stratosphere  at  various  altitude 
bands  if  future  SST’s  emit  NOx  at  the  same  rate 
as  present  ones  (per  kilogram  of  fuel  consumed). 
At  least  seven  modelers  have  made  different 
one-dimensional-model  calculations  of  the  natu- 
ral stratosphere  and  the  stratosphere  as  perturbed 
by  SST’s,  including  vertical  eddy  transport  and 
extensive  O,  N,  H chemistry  (Crutzen.  1974; 
Chang,  1974;  Stewart,  1973;  McElroy  et  al., 
1974;  Whitten  and  Turco,  1974;  Shimazaki  and 
Ogawa,  1974;  Hunten,  1975).  Similar  calcula- 
tions which  include  two-dimensional  motions 
have  been  made  by  at  least  three  groups 
(Hesstvedt,  1974;  Vupputuri.  1974;  Widhopf, 
1974).  Ont  group  has  successfully  carried  out 
calculations  of  the  SST  perturbation  problem 
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with  a model  of  three-dimensional  atmospheric 
motions  (Cunnold  et  al.,  1974).  Model  calcula- 
tions of  ozone  reduction  by  injection  of  NOx  at 
20  km  are  given  by  Figure  1 , panel  a. 

To  a considerable  extent,  these  twelve  calcu- 
lations of  the  SST  perturbation  (1971-1974)  are 
in  agreement;  ten  out  of  twelve  agree  within 
better  than  a factor  of  three.  Two  of  them  fall 
far  outside  this  range,  however.  Chang  (1974) 
undertook  a systematic  investigation  of  the 
reasons  for  the  discrepancies  between  the  one- 
dimensional models.  He  found  that  Stewart 
(model  5)  had  carried  out  integrations  of  the  SST 
perturbation  for  only  18  months,  whereas  at 
least  10  years  are  needed  to  attain  a steady  state; 
this  correction  brought  model  5 into  line  with 
ten  others.  Chang  (1974)  used  his  chemical 
model,  his  set  of  boundary  conditions,  and  his 
computer  program  to  recalculate  the  predicted 
SST  effect  for  the  seven  models  involving  one- 
dimensional motions  (see  Figure  1,  panel  b). 
The  seven  vertical  eddy-diffusion  functions,  Kz, 
are  given  in  Figure  2 r.nd  in  Table  Al  of  the 
appendix.  The  maximum  rate  of  insertion  of 
nitrogen  oxides  in  Figure  lb  corresponds  to 
Grobecker’s  (1974)  upper-bound  projection  for 
the  year  2025. 


The  curves  in  Figure  lb  differ  only  with 
respect  to  vertical  eddy-diffusion  function,  Kz. 
At  low  values  of  NOx  injection  rate,  there  is  a 
spread  of  a factor  of  six  between  model  7 and 
model  12;  at  high  rates  of  NOx  injection  this 
spread  is  a factor  of  three.  The  purposes  of  this 
paper  are  to  see  whether  an  independent  evalu- 
ation can  be  made  of  the  accuracy  of  the  seven 
Kz  functions,  and  to  narrow  the  spread  of 
predictions  in  Figure  lb. 

During  and  after  the  period  of  massive 
nuclear-bomb  tests  of  1961-62,  there  was  exten- 
sive sampling  of  the  stratosphere  for  radioactive 
tracers,  including  those  lodged  on  solid  particles, 
such  as  strontium-90,  and  those  which  are  gases, 
such  as  excess  carbon- 14.  There  are  detailed, 
zonal-average,  contour  maps  of  observed  excess 
carbon- 14  in  the  stratosphere  and  troposphere 
every  three  months  (with  a few  exceptions)  from 
1955  to  1967  (Telegadas,  1971)  and  some 
further  data  out  to  1971  (Telegadas  et  al.,  1972). 
These  data  were  only  recently  published  in  the 
form  of  Health  and  Safety  Laboratory  (HASL) 
Reports  of  the  U.S.  Atomic  Energy  Commission. 
It  appears  that  none  of  the  modelers  of  the  SST 
perturbation  made  detailed,  quantitative  use  of 
these  extensive  data.  After  the  test  series  ended 
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Calculated  percentage  reduction  of  the  average  global  ozone  column  as  a function  of  the 
mass  of  NOx  inserted  at  20  km.  a.  Results  available  for  each  of  twelve  different  groups, 
b.  Seven  one-dimensional  models  of  vertical  eddy-diffusion  function  Kz  were  recalcu- 
lated on  a uniform  basis  by  Chang  (1974).  The  upper  limit  of  NOx  insertion  is  the  upper 
bound  projected  by  Grobecker  (1974)  for  the  year  2025. 

The  modelers  are  identified  by  number  code:  (1)  Johnston,  1971 ; (2)  Crutzen,  1974;  (3) 
Hesstvedt,  1974,  2-D  model;  (4)  Chang,  1974;  (5)  Stewart,  1973;  (6)  McElroy  et  al., 
1974;  (7)  Whitten  and  Turco,  1974;  (8)  Shimazaki  and  Ogawa,  1974;  (9)  Vupputuri, 
1974,  2-D  model;  (10)  Widhopf,  1974,  2-D  model;  (1 1)  Cunnold  et  al.,  1974,  3-D  model; 
(12)  Hunten,  1975. 


JOHNSTON,  KATTENHORN,  AND  WHITTEN 


Figure  2.  Vertical  eddy -diffusion  functions,  K , for  seven  one-dimensional  models  numbered  as  in 
Figure  1.  A and  B are  Brasseur  (1972)  Kmin  and  Kmax. 


in  December  1962,  there  was  a cloud  of 
carbon- 14  covering  the  northern  hemisphere  with 
peak  concentration  at  about  19  or  20  kilometers 
and  with  a fairly  narrow  vertical  spread.  This  case 
is  an  appropriate  analogy  to  the  SST  problem. 

In  this  article,  we  develop  the  data  in  a form 
that  may  be  useful  for  testing  two-  and  three- 
dimensional  models  of  stratospheric  motion,  and 
tables  are  given  in  the  appendix  for  this  purpose. 
We  take  the  data  at  30°N  as  the  primary  source 
for  testing  the  one-dimensional  models.  However, 
we  also  average  over  the  northern  hemisphere  to 
supplement  the  direct  observations  at  30°N  and, 
perhaps,  to  interpret  what  a one-dimensional 
model  does.  We  then  take  an  observed  distribu- 
tion of  excess  carbon- 14  as  the  initial  condition, 
and  we  solve  the  time-dependent,  one- 
dimensional, vertical  eddy-diffusion  equations 
for  subsequent  distributions  of  excess  carbon-14, 
using  each  of  nine  Kz  functions  (the  seven  used 
for  the  SST  problem  and  two  more).  Numerous 
initial  and  final  states  are  treated.  The  merit  of  a 
given  Kz  function  is  judged  with  respect  to  how 
well  it  predicts  the  magnitude  and  shape  of  the 
carbon- 14  profile  as  a function  of  time. 

PRIMARY  DATA 

An  example  of  the  observed  distribution  of 
excess  carbon- 14  from  the  HASL  Reports  of  the 
U.S.  Atomic  Energy  Commission  is  shown  in 
Figure  3 (Telegadas,  1971).  The  units  are  10s 
atoms  of  excess  carbon- 14  per  gram  of  air  and 
are  proportional  to  mixing  ratio  or  mole  fraction. 


April,  1963 

Figure  3.  Relative  mixing  ratios  (10s  atoms  pet 
gram  of  air)  of  excess  carbon-14  as  mea- 
sured by  balloons  and  U-2  aircraft.  The 
data  were  taken  during  the  period  March- 
May  1963  and  are  referred  to  as  April 
1963.  (From  Telegadas.  1971.) 

By  multiplying  by  4.82  X 1 0"1  8 , one  can  con- 
vert these  units  to  mixing  ratio  by  volume.  The 
data  are  from  balloons,  U-2  aircraft,  and  ordinary 
aircraft.  Balloons  were  launched  at  30°N  for  the 
period  1963-70  (after  1970,  balloons  were 
launched  at  latitudes  of  65°N,  30°N,  and  34°S), 
and  the  observed  excess  carbon-14  is  given  on 
Figure  3.  Extensive  sampling  was  done  by  U-2 
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aircraft  in  the  stratosphere  and  by  ordinary 
aircraft  in  the  troposphere,  and  carbon- 14  was 
measured  at  numerous  ground-level  stations. 

It  is  important  to  emphasize  that  the  numer- 
ical data  points  shown  on  Figure  3 comprise  all 
the  carbon- 14  data  observed  for  this  time  period 
(except  for  ground-based  measurements).  The 
only  observations  above  22  km  are  the  balloon 
soundings  at  30°N.  It  might  appear  that  contour 
lines  above  22  km  are  largely  the  product  of 
imagination  on  the  part  the  authors  of  the 
report,  but  such  an  appearance  is  not  quite 
correct.  More  extensive  data  were  obtained  by 
balloon  for  other  radioactive  species,  and  these 
data  were  some  guide  to  where  bomb  debris  did 
and  did  not  go.  Data  were  obtained  every  3 
months  before  and  after  this  period,  and  con- 
tinuity between  one  period  and  another  was  of 
some  guidance  in  drawing  the  contour  lines. 
Also,  the  total  stratospheric  burden  of  carbon-14 
was  known.  The  bombs  of  high  total  yield  (above 
10  Mt)  had  a smaller  fraction  of  fission  yield 
relative  to  total  yield  than  smaller  bombs.  One 
bomb  with  about  60  Mt  total  yield  was  fired  at 
75°N  in  October  1961,  and  it  may  constitute  a 
hidden  reservoir  of  carbon-14  above  35  or  40 
km.  The  subsequent  analysis  of  data  depends 
primarily  on  the  direct  observations  at  30°N,  and 
these  data  are  supplemented  by  a hemispherical 
average  that  is  significant  only  below  22  km. 

The  balloon  measurements  of  14C  at  30°N 
(actually  31°N)  for  the  period  January  1963  to 
January  1966  (Telegadas,  1971)  and  for 
November  1970  (Telegadas  et  al.,  1972)  are 
listed  in  the  Appendix,  Table  A2.  From  a series 
of  contour  maps  similar  to  Figure  3,  the  mixing 
ratios  were  converted  to  concentration  of  excess 
carbon-14  by  use  of  air-density  data  from  the 
Table  of  Standard  Atmospheres  (AFCRL,  1960). 
Vertical  profiles  were  drawn  at  each  10  degrees 
of  latitude,  and  these  profiles  were  read  at  each 
kilometer  elevation  to  give  the  values  in  the 
Appendix,  Table  A3.  This  analysis  was  carried 
out  for  January  1963,  April  1963,  July  1963, 
October  1963,  January  1964,  and  January  1965. 
These  data  were  replotted  as  zonal-average  con- 
tour maps  of  excess  carbon-14  concentration, 
five  of  which  are  given  in  Figure  4. 

An  example  of  the  observed  distribution  of 
strontium-90  for  April  1963  is  shown  in  Figure  5 
(Telegadas,  1967).  The  units  are  disintegrations 
per  minute  per  thousand  cubic  feet  of  standard 


Figure  4.  Concentration  of  excess  carbon-14  (units 
of  103  molecules  cm'3)  for  the  indicated 
times.  These  zonal-average  maps  of  14C 
concentration  were  derived  from  mixing- 
ratio  maps  such  as  Figure  3. 

air,  and  are  proportional  to  mixing  ratio.  The 
elevations  for  various  values  of  strontium-90 
mixing  ratios  at  30°N  are  given  in  the  Appendix, 
Table  A4.  From  these  data,  profiles  of 
strontium-90  mixing  ratios  are  readily  obtained. 

COMPARISON  OF  CARBON- 14  AND 
STRONTIUM-90  AS  TRACERS  FOR 
STRATOSPHERIC  AIR  MOTIONS 

Johnston,  Whitten,  and  Birks  ( 1 973)  showed 
that  the  bulk  “residence  time”  of  carbon- 14  in 
the  stratosphere  (1963-65)  was  twice  as  long  as 
that  for  strontium-90.  There  must  be  factors  that 
cause  strontium-90  to  have  a spuriously  short 
residence  time,  or  that  cause  carbon-14  to  have 
(or  appear  to  have)  a spuriously  long  residence 
time,  or  both. 

Carbon- 14  is  formed  by  a nuclear  reaction 
between  a neutron  and  molecular  nitrogen.  The 
initial  product  is  probably  14CO,  not  ,4C02.The 
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North 


South 


Figure  5.  Relative  mixing  ratios  (disintegrations  per 
minute  per  1000  cubic  feet  of  standard 
air)  of  strontium-90  for  April  1963.  (From 
Telegadas,  1967.)  X and  O,  observations 
from  balloons;  •,  observations  from 
aircraft. 


nuclear  bombs  of  the  1961-62  test  series  were 
fired  on  the  surface  or  in  the  troposphere,  and 
the  fireball  was  lifted  into  the  stratosphere  by 
thermal  buoyancy.  Before  rising,  the  fireball 
cooled  to  about  6000K  by  emission  of  radiation 
and  by  expansion.  The  rising  fireball  was  further 
cooled,  largely  by  entrainment  of  cold  air.  The 
gases  transported  into  the  stratosphere  were 
subjected  to  a wide  range  of  temperatures,  from 
6000K  to  ambient.  Carbon  monoxide  is  burned 
to  carbon  dioxide  by  hot  air.  Measurements  by 
Hagemann  et  al.  (1965)  showed  that  much  less 
than  1%  of  the  carbon- 14  was  in  the  form  of 
carbon  monoxide,  and  at  least  99%  was 
carbon- 14  dioxide. 

Strontium-90  was  lodged  on  solid  particles. 
One  immediately  suspects  that  the  difference  in 
stratospheric  residence  times  between  carbon- 14 
and  strontium-90  is  that  particulate  strontium-90 
underwent  gravitational  settling.  However, 
Telegadas  and  List  (1969)  calculated  the  settling 
velocity  of  strontium-90  on  the  basis  of  estimates 
and  some  measurements  of  the  size  of  the  solid 
particles  containing  the  radioactive  tracer;  they 
concluded  that  the  settling  velocity  would  be 
slow  below  30  km.  Their  calculations  did  not 
consider  the  possibility  that  the  radioactive 


particles  would  ionize  the  surrounding  air  and  act 
as  condensation  nuclei  for  aqueous  sulfuric  acid 
in  the  stratosphere.  Such  enlarged  particles 
would  settle  faster  than  the  “dry”  particles 
considered  by  Telegadas  and  List. 

The  carbon-14  and  strontium-90  clouds  at 
30°N  are  directly  compared  with  each  other  in 
Figure  6,  using  the  data  in  Table  A2,  A4,  and  A6. 
For  strontium-90,  the  maximum  mixing  ratio  in 
April  1963  was  1700  disintegrations  per  minute 
per  1000  ft3  of  standard  air.  All  strontium-90 
mixing  ratios  for  April  1963  and  later  times  were 
divided  by  1700  to  normalize  all  observations  to 
the  maximum  as  of  April  1963.  For  carbon-14 
the  maximum  mixing  ratio  in  April  1963  was 
74.2  units  (X10'16),  and  all  carhon-14  mixing 
ratios  were  normalized  b>  this  value.  The  curves 
in  Figure  6 are  the  normalized  strontium-90 
mixing  ratios  for  April  763,  January  1964, 
January  1965,  and  Janu  766.  The  circles  in 
Figure  6 are  norm  '\erage  carbon-14 

mixing  ratios  (Table  Ao  i.nndcs  are  nor- 
malized, directly  observe  4 mixing 

ratios  (Table  A2)  for  t!  tunes  as  the 

strontium-90  curves. 

In  April  1963  the  relative  carbon- 14  and 
strontium-90  profiles  are  very  nearly  the  same 
above  14  km  (strontium-90  is  washed  out  by  rain 
in  the  troposphere,  carbon- 14  is  not,  and  the 
difference  between  C-14  and  Sr-90  in  the  tropo- 
sphere is  due  to  this  feature).  The  agreement  in 
relative  muting  ratios  is  good  both  above  and 
below  the  point  of  maximum  muting  ratios  - for 
the  April  1963  data.  However,  above  30  km 
strontium-90  is  less  than  carbon-14.  In  January 
1964  the  carbon-14  and  strontium-90  clouds 
agree  fairly  well  below  the  maximum  (15  to  20 
km),  but  the  relative  muting  ratio  of 
strontium-90  is  substantially  less  than  that  of 
carbon- 14  in  the  range  23  to  30  km.  By  January 
1965,  the  strontium-90  is  less  than  the  carbon- 14 
over  the  18  to  30  km  range,  and  they  are 
together  from  15  to  18  km.  By  January  1966, 


the  relative  mixing  ratio  of  strontium-90  is  at 
least  a factor  of  two  less  than  that  of  carbon- 14 
at  all  elevations. 

The  separation  of  the  strontium-90  and 
carbon- 14  clouds  in  Figure  6 appears  to  be  due 
to  gravitational  settling.  However,  Chang  (1975) 
offers  an  alternate  explanation.  Most  of  the  tests 
of  the  1961-62  series  were  made  at  the  polar 
USSR  station,  Table  1.  The  bomb  debris  depos- 
ited in  the  polar  stratosphere  would  require  time 
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Figure  6.  Comparison  of  observed  strontium-90 
(solid  line)  and  excess  carbo:i-14  mixing 
ratios  normalized  to  21  km,  April  1963. 
A,  ,4C  at  30° N;  O,  l4C  northern- 
hemisphere  averages;  — - , observed 
90Sr  at  30°N. 

to  appear  at  30°N.  The  largest  test  was  a 60-Mt 
bomb,  October  1961,  which  had  an  unusually 
small  fission  yield  (strontium-90)  but  normal 
carbon-14  yield.  This  large  bomb  probably  rose 
high  in  the  stratosphere.  As  this  debris  was 
transported  downwards,  its  high  14C/90Sr  ratio 
would  cause  an  apparent  separation  of  the 
carbon-14  and  strontium-90  clouds.  This  expla- 
nation concerns  a region  of  the  stratosphere 
where  no  observations  were  made.  We  believe 
that  the  difference  between  the  C-14  and  Sr-90 
profiles  in  Figure  6 is  too  great  to  be  explained 
quantitatively  by  this  mechanism. 

If  the  separation  of  clouds  in  Figure  6 is  due 
to  particulate  settling  by  the  strontium-90,  then 
the  carbon- 14  data  would  be  superior  to  the 
strontium-90  data  (and  probably  to  other  solid, 
particulate,  radioactive  tracers)  for  the  purpose 
of  calibrating  models  of  stratospheric  motion. 

ANALYSIS  OF  THE  CARBON-14  DATA 

These  data  are  based  on  a fairly  thin  grid  so 
far  as  global  coverage  is  concerned.  There  was 


Table  1.  Approximate  Times  and  Yields  (Mt)  of 
Nuclear-Bomb  Tests  in  1961-62,  and 
Months  from  Bomb  Explosion  to 
Various  Later  Times 


Time 

Months  from  Test  to 

(mo/yr) 

Location* 

Mt 

1/63 

1/64 

1/65 

9/61 

P 

9.2 

16 

28 

40 

10/61 

P 

90.5 

15 

27 

39 

5/62 

T 

2 

8 

20 

32 

6/62 

T 

10 

7 

19 

31 

7/62 

T 

2 

6 

18 

30 

8/62 

P 

54 

5 

17 

29 

9/62 

P 

96 

4 

16 

28 

10/62 

P,T 

17 

3 

15 

27 

12/62 

P 

23 

1 

13 

25 

Total: 

304 

Weighted  average  age 
of  debris  (mo.) 

8 

20 

32 

*P,  polar,  USSR ; T,  tropical,  US  or  UK. 
(Seitz  et  al.,  1968) 


detailed  sampling  by  aircraft  up  to  22  km,  but 
there  was  only  one  balloon  profile  of  carbon- 14 
at  higher  elevation  until  1970  (compare  Figure 
3).  There  were  more  extensive  balloon  samples  of 
strontium-90  than  carbon-14,  especially  in  the 
polar  region  (Telegadas,  1967).  Seitz  et  al. 
(1968)  tabulated  each  explosion  of  the  1961-62 
series  (their  Tables  2-4)  with  respect  to  date, 
yield,  and  vertical  distribution.  Seitz  et  al. 
pointed  out  that  the  observed  distributions  after 
the  polar  tests  were  quite  different  from  those 
calculated  on  the  basis  of  previous  experience 
(1954-58)  for  tropical  tests.  If  we  assume  a 
uniform  distribution  of  nuclear-bomb  materials 
over  their  quoted  vertical  spread,  then  only 
35  Mt  out  of  304  Mt  of  the  large  bombs  was 
deposited  above  22  km  - that  is,  about  88%  of 
the  nuclear  cloud  was  deposited  in  the  region 
that  was  densely  searched  by  aircraft.  According 
to  the  tables  by  Seitz  et  al.,  the  portion  of  the 
nuclear  debris  above  33  km  (the  upper  limit  of 
the  balloon  measurements)  was  4 Mt  out  of 
304  Mt.  If  Seitz  et  al.  are  correct,  the  amount  of 
excess  carbon-14  completely  outside  the  range  of 
observation  altitudes  was  not  large,  but  the 
two-dimensional  distribution  of  material  between 
22  and  33  km  is  not  accurately  known. 

There  is  a large  error  of  measurement  associ- 
ated with  any  one  contour  map  of  carbon- 14, 
and  no  conclusions  should  be  based  on  minor 
features.  There  was  slow  transport  of  carbon-14 
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from  the  northern  hemisphere  to  the  southern  maps,  such  as  Figi 

hemisphere,  as  seen  in  Table  2.  This  north-to-  torium  of  1959-1* 

south  movement  of  carbon- 14  can  be  treated  by  1963-67  (Telegadas 

a two-  or  a three-dimensional  model  of  atmo-  coarse  grid  of  thi 

spheric  motions.  To  a one-dimensional  model,  fairly  substantial  n 

however,  this  loss  to  the  southern  hemisphere  simple  linear  func 

may  appear  as  a faster-than-real  loss  to  vertical  average  slope  of  li 

transport.  seemed  as  good  i 


Table  2.  Distribution  of  Stratospheric  Carbon-14 
Between  the  Northern  Hemisphere  and 
the  Southern  Hemisphere  from  January 
1963  to  December  1970  (in  units  of 
1026  atoms)  (from  Telegadas,  1971) 


Date 

N.H. 

S.H. 

% N.H. 

1/63 

310 

(46) 

87 

7/63 

243 

(58) 

81 

1/64 

203 

(52) 

80 

7/64 

128 

(55) 

70 

1/64 

113 

(57) 

66 

7/65 

92 

(59) 

61 

1/66 

88 

(58) 

61 

7/66 

73 

(55) 

57 

7/69 

45 

(41) 

52 

It  was  suggested  by  Seitz  et  al.  (1968)  that 
nuclear-bomb  debris  be  averaged  over  the  north- 
ern hemisphere,  not  at  equal  heights  above  the 
ground  but  at  equal  heights  above  a sloping 
tropopause.  The  sloping  lines  of  constant  mixing 
ratio  of  carbon-14  are  evident  in  Figure  3,  and 
these  lines  more  or  less  parallel  the  tropopause. 
Of  course,  there  is  a time-and-place-varying  gap 
in  the  tropopause.  On  a year-long  basis  it  is 
possible  to  define  and  use  the  concept  of  a 
“standard  tropopause”,  which  we  take  to  be: 


90°N, 8 km 
80°N,  9 km 
70°N,  10  km 
60°N,  1 1 km 
50°N,  12  km 


40°  N,  13  km 
30°N,  14  km 
20°N,  15  km 
10°N,  16  km 
0°,  16  km 


The  observed  concentrations  in  Table  A3  of  the 
Appendix  were  averaged  by  the  cosine  function 
to  give  equal  weight  to  equal  area  over  the 
three-dimensional  globe  along  lines  at  equal 
heights  above  this  “standard  tropopause”.  This 
average  over  the  northern  hemisphere  was 
assigned  to  30°N  latitude,  the  latitude  of  mid- 
area between  the  equator  and  the  pole. 

This  choice  of  tropopause  height  is  based  on 
the  observed  slope  with  latitude  of  the  maximum 
carbon-14  mixing  ratio  for  a large  number  of 


maps,  such  as  Figure  3,  during  the  test  mora- 
torium of  1959-1961,  and  during  the  period 
1963-67  (Telegadas,  1971).  Within  the  somewhat 
coarse  grid  of  the  observations,  and  given  a 
fairly  substantial  noise  factor  in  the  data,  the 
simple  linear  function  (given  above)  for  the 
average  slope  of  lines  of  constant  mixing  ratio 
seemed  as  good  as  any  other.  It  would  be 
desirable  to  derive  an  appropriate  slope  from 
independent  meteorological  considerations,  but 
such  a study  is  beyond  the  scope  of  this  article. 
Most  conclusions  of  this  article  are  based  on 
actual  observations  by  balloons  at  30°N,  not  the 
hemisphere  averages  deduced  in  this  way. 

The  average  profiles  ascribed  to  30"N  are 
listed  in  Table  A5  of  the  appendix;  they  are 
plotted  in  Figure  7 for  the  periods  of  January 
1963,  April  1963,  July  1963,  October  1963, 
January  1964,  and  January  1965.  There  are 
insufficient  data  to  support  this  detailed  analysis 
after  1965.  These  average  concentrations  are 
converted  to  average  mixing  ratios  at  30°N  by 
dividing  by  total  air  concentration.  These  mixing 
ratios  are  listed  in  Table  A6  of  the  appendix. 


Average  Excess  C 


\ Jon.  1963 
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Average  Excess  l4C  at  30°N  in  I03  Atoms/cm5 


Figure  7. 


Northern-hemisphere  average  (see  text) 
concentration  of  excess  carbon-14  a*  a 
function  of  height  between  January  1963 
and  January  1965.  These  averages  are 
ascribed  to  the  geographical  average  lati- 
tude of  the  northern  hemisphere,  namely 
30°  N. 


In  Figure  8,  the  hemisphere-average  mixing- 
ratio  profiles  (Table  A6)  are  plotted  as  circles 
and  the  30°N  local  profiles  (Table  A2)  as 
triangles.  Comparisons  between  these  two  pro- 
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Figure  8.  Comparison  of  average  (Figure  7)  mixing 
ratios  and  locally  observed  (by  balloon 
soundings)  mixing  ratios  of  excess 
carbon-14  at  30°N.  O,  hemispherical  aver- 
age; A,  local  observation  at  30°  N. 

files  are  interesting  only  below  22  km,  where 
aircraft  carried  out  measurements  at  different 
latitudes  (above  22  km,  all  data  are  based  on 
balloons  operated  at  only  one  latitude,  with 
interpolation  to  aircraft  measurements  at  lower 
elevations).  It  can  be  seen  that  these  two  profiles 
are  similar. 

The  similarity  of  the  two  sets  of  profiles  in 
Figure  8 is  a matter  of  interest  in  itself:  the 
carbon- 14  concentrations  averaged  to  30°N  along 
lines  equidistant  above  the  standard,  sloping 
tropopause  are  very  nearly  the  same  as  the  actual 
concentrations  at  30°N.  A one-dimensional  verti- 
cal eddy-diffusion  model  located  at  30°N  is,  in 
this  sense,  an  approximate  model  for  the 
northern  hemisphere. 

CALIBRATION  OF  ONE-DIMENSIONAL 
MODELS  AGAINST  OBSERVED 
CARBON-14  DATA 

The  profiles  of  excess  carbon-14  for  January 
1963  were  extended  to  the  surface  of  the  earth 
on  the  basis  of  observed  carbon- 14  in  the 
troposphere,  and  were  extended  from  the  ob- 
served point  of  highest  elevation  to  50  km  by  a 
decreasing  exponential  function.  This  extended 
mixing-ratio  profile  was  used  as  the  initial  condi- 
tion for  calculations  using  the  various  Kz  func- 
tions. The  vertical  grid  was  spaced  every  kilo- 
meter from  0 to  50.  The  lower  boundary 
condition  used  was  that  observed  at  1 km,  which 
remained  constant  for  several  years  at  a mixing 
ratio  near  3 X 10‘16.  The  upper  boundary  con- 
dition was  that  the  concentration  at  5 1 km  was 


one-half  that  at  50  km.  The  vertical  eddy- 
diffusion  problem  was  set  up  in  terms  of  first- 
order  differencing,  which  guarantees  conser- 
vation of  mass  even  with  the  non-continuous  Kz 
functions  of  Figure  2.  The  problem  was  thus  one 
of  50  simultaneous  linear  equations  with  con- 
stant coefficients.  The  problem  was  solved  by  the 
Gear  method  (Hindmarsh,  1972)  on  the 
Lawrence  Berkeley  Laboratory’s  CDC  7600  com- 
puter. With  the  boundary  conditions  specified, 
with  the  initial  profile  specified,  and  with  use  of 
a given  Kz  function,  it  was  a simple  matter  to 
compute  the  predicted  carbon- 14  distribution  at 
any  future  time.  Typically  the  future  profiles 
were  calculated  every  3 months  for  2 years  and 
then  every  year  to  a total  of  10  years.  These 
calculated  profiles,  for  each  Kz  function,  are 
then  compared  with  the  observed  ones.  This 
procedure  was  repeated  with  the  initial  distribu- 
tion taken  to  be  April  1963  instead  of  January 
1963,  and  then  for  July  1963,  January  1964,  and 
January  1965  also. 

These  calculations  were  made  for  the  seven 
Kz  functions  shown  in  Figure  2 and  for 
Brasseur’s  (1972)  “Kmax”  and  “Kmin”,  all  of 
which  are  listed  in  Table  A1  of  the  appendix.  We 
have  made  a large  number  of  plots  of  calculated 
profiles  and  observed  profiles  for  the  nine  Kz 
functions.  Four  sets  of  these  plots  are  given  by 
Figures  9,  10,  11,  and  12.  Each  of  these  plots  is 
of  special  interest  for  one  reason  or  another,  and 
they  are  all  discussed  below. 

In  Figure  9,  the  initial  profile  is  that  of 
January  1963  and  the  predicted  profiles  are 
January  1964.  This  period  is  of  interest  in  that  it 
represents  the  case  of  maximum  gradients,  and 
the  sharpest  initial  distribution.  There  was  a 
substantial  change  in  one  year  in  the  northern- 
hemisphere  profile,  and  there  was  relatively  little 
loss  to  the  southern  hemisphere.  The  different 
Kz  models  give  strongly  different  predictions, 
relative  to  one  another.  (The  predictions  of  the 
models  will  be  discussed  below.) 

In  Figure  10,  the  initial  profile  is  that  of 
January  1964  and  the  observed  points  are  from 
the  balloon  measurements  directly  observed  at 
30°N  in  January  1966.  Again,  there  are  strong 
differences  in  prediction  by  the  nine  models,  and 
the  sense  of  the  differences  is  the  same  in  Figure 
10  as  in  Figure  9. 

In  Figure  11,  the  initial  profile  is  that 
observed  locally  by  balloon  in  January  1965,  and 
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Figure  9.  Comparison  of  average  observed  excess  carbon-14  on  January  1964  with  that  calculated 
by  nine  models  of  Kz  (Figure  2,  Table  Al)  for  January  1964.  The  initial  distribution  for 
calculation  was  the  observed  distribution  for  January  1963.  Both  initial  and  final 
conditions  correspond  to  O in  Figure  8. 


Figure  10.  Comparison  of  directly  observed  excess  carbon-14  on  January  1966  with  that  calculated 
by  nine  models  of  Kz  for  January  1966.  The  initial  distribution  for  each  computation 
was  the  observed  distribution  on  January  1964. 


the  observed  data  are  those  obtained  directly  by 
balloon  in  December  1970.  In  January  1965, 
66%  of  the  stratospheric  carbon- 14  was  in  the 
northern  hemisphere  and  34%  was  in  the  south- 
ern hemisphere,  but  in  December  1970  it  was 
essentially  equal  in  the  two  hemispheres  (Table 
2).  This  transport  to  the  southern  hemisphere 


was  allowed  for,  as  follows:  The  magnitude  of 
the  initial  condition  was  taken  to  be  the  average 
between  the  northern  and  southern  hemispheres, 
rather  than  the  actual  value  in  the  northern 
hemisphere.  From  consideration  of  Table  2 the 
actual  concentrations  of  January  1965  were 
reduced  by  the  factor  0.75.  The  observed 
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Figure  1 1.  Comparison  of  directly  observed  carbon-14  mixing  ratios  on  November  1970  with  those 
calculated  by  nine  models  of  Kz  for  January  1971.  The  initial  distribution  for  each 
computation  was  the  global-average  observed  distribution  on  January  1965.  According 
to  Telegadas  et  al.(  1972),  this  excess  carbon-14  was  left  over  from  the  1961-62  test 
series,  and  it  was  not  a part  of  the  1967-70  series  of  relatively  small  bombs,  which 
deposited  their  debris  in  the  stratosphere  between  14  and  18  km. 
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Figure  12.  Comparison  of  average  observed  excess 
carbon-14  on  July  1963,  October  1963, 
and  January  1965  with  results  of  models 
whose  initial  conditions  are  based  on 
April  1963. 

carbon- 14  in  November  1970  is  spread  between 
20  and  35  km,  with  a maximum  mixing  ratio  at 
about  25  km.  There  were  French  and  Chinese 
atmospheric  tests  of  nuclear  bombs  between 


1967  and  1970.  According  to  Telegadas  et  al. 
(1972),  the  1967-70  tests  inserted  radioactive 
debris  between  14  and  18  km  in  the  northern 
hemisphere  and  between  15  and  19  km  in  the 
southern  hemisphere;  they  also  stated  that 
the  carbon- 14  above  20  km  in  December  1970 
was  primarily  contributed  by  the  bomb-test 
series  that  ended  in  December  1962. 

The  predictions  of  the  nine  Kz  functions  are 
compared  with  each  other  and  with  observed 
carbon-14  distributions  in  Figures  9,  10,  and  11. 
Similar  comparisons  were  made  with  other 
observed  carbon-14  distributions  taken  as  the 
initial  values  and  with  all  later  observed 
carbon- 14  distributions  taken  as  comparison  for 
predicted  versus  observed  profiles.  The  pattern 
shown  by  Figure  9-11  is  confirmed  by  all  of 
these  comparisons,  but  Figure  12  gives  the 
example  that  departs  the  most  from  the  general 
pattern.  This  figure  gives  the  poorest  agreement 
between  observed  profiles  and  those  calculated 
by  Hunten’s  model. 

DISCUSSION 

The  excess  carbon- 14  cloud,  spread  over  the 
northern  hemisphere  by  the  atmospheric 
nuclear-bomb  test  series  of  1961-62,  appears  to 
provide  a useful  calibration  for  theories  of 
stratospheric  motions.  The  observations  of 
carbon- 14  provide  direct  data  for  large-scale 
stratospheric  sweep-out  times  in  the  region  15  to 
25  kilometers. 
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The  vertical  eddy-diffusion  functions,  Kz, 
were  derived  by  the  various  authors  from  con- 
siderations of:  (1)  heat-flux  data;  (2)  vertical 
profiles  of  ozone;  (3)  vertical  profiles  of 
methane;  (4)  radioactive  fallout  from  nuclear- 
bomb  tests,  primarily  particulate  tracers  such  as 
strontium-90  and  tungsten-185;(5)  other  factors. 
It  appears  that  no  one  made  detailed  use  of  the 
carbon- 14  data.  Thus  this  study  is  an  indepen- 
dent test  of  the  models. 

The  nine  models  using  vertical  eddy- 
diffusion  constants  Kz  as  a function  of  height 
give  markedly  different  predictions,  relative  to 
each  other,  concerning  the  dissipation  of  the 
carbon-14  cloud  during  the  period  1963-70.  The 
relative  and  absolute  predictions  made  by  the 
nine  Kz  models  are  very  nearly  the  same  for  the 
four  time  intervals  of  Figures  9-12. 

Figure  Time  Interval 

9 Jan.  1963  - Jan.  1964 

10  Jan.  1964- Jan.  1966 

11  Jan.  1965  - Nov.  1970 

12  Apr.  1963  -Jan.  1965 


the  effect  of  a region  of  low  Kz  low  in  the 
stratosphere.  Chang’s  model  shows  the  effect  of  a 
region  of  low  Kz  in  the  mid-stratosphere. 

The  models  with  large  values  of  Kz  at  all 
heights,  such  as  Brasseur’s  Kmax  or  Whitten’s 
function,  sweep  excess  carbon- 14  out  of  the 
stratosphere  at  a rate  very  much  faster  than  was 
observed.  This  discrepancy  is  so  large  that  line  7 
should  be  dropped  from  Figure  lb  in  any  real- 
istic discussion  of  SST’s. 

Chang’s  model  has  minimum  Kz  at  30  km 
and  Brasseur’s  “Kmin”  has  minimum  Kz  at 
37  km.  These  models  sweep  out  the  region  17  to 
21  km  at  much  too  fast  a rate,  but  they  build  up 
relatively  large  mixii.g  ratios  near  35  km  over  a 
long  period  of  time.  Chang’s  peak  mixing  ratio  at 
35  km  in  Figure  1 1 agrees  with  the  observed 
carbon-14,  but  Brasseur’s  “Kmin”  retains  too 
much  carbon-14  at  35  km.  If  there  were  a large 
hidden  source  of  carbon- 14  above  35  km  in 
1963,  then  Chang’s  model  would  greatly  overpre- 
dict the  amount  of  carbon-14  at  35  km  in 
November  1970  (Figure  11). 

Except  for  the  discontinuity  at  10  km  in  the 
troposphere,  Crutzen’s  Kz  function  is  constant 
with  height.  It  sweeps  out  the  region  around 


The  model  associated  here  with  an  investi- 
gator is  often  not  the  only  model  considered  by 
that  investigator.  For  example,  Crutzen  has  used 
several  other  Kz  models,  and  he  has  used  a 
different,  preferred  model  in  recent  calculations. 
The  model  associated  with  Whitten  is  an  early 
one  that  he  considered  and  rejected;  it  is  retained 
here  as  an  extreme  example,  not  as  a test  of 
Whitten’s  recent  work.  For  present  purposes,  it  is 
necessary  to  adhere  to  these  models,  even  if  they 
do  not  represent  the  investigators’  latest,  best 
judgment,  because  these  models  were  used  in 
Chang’s  (1974)  comparative  study  (Figure  lb)  of 
the  effect  of  model  Kz  on  SST  perturbation,  and 
it  is  desirable  to  compare  predictions  of 
carbon- 14  with  those  for  the  SST’s.  Crutzen’s 
model  used  here  is  valuable  in  showing  the  effect 
of  making  Kz  constant  with  height  in  the 
stratosphere.  Whitten’s  model  is  of  interest  in 
showing  what  a large  difference  in  stratospheric 
sweep-out  time  is  caused  by  differences  in  Kz 
function  (Figure  2).  Brasseur’s  “Kmin”  shows 
the  effect  of  a very  low  Kz  value  high  in  the 
stratosphere.  McElroy’s  or  Hunten’s  model  shows 


20  km  at  a much  faster  rate  than  was  observed, 
and  it  gives  a long-term  profile  (Figure  1 1)  of  a 
shape  rather  different  from  that  observed.  A 
change  of  the  absolute  value  of  Kz  can  give 
approximately  correct  sweep-out  times  near 
20  km,  but  the  shape  of  the  profile  is  not 
improved. 

Four  functions  (5,  Stewart;  6,  McElroy;  8. 
Shimazaki;  and  12,  Hunten)  are  qualitatively 
similar:  large  Kz  in  the  troposphere,  minimum 
Kz  in  the  lower  stratosphere,  and  increasing  Kz 
with  height  from  lower  to  upper  stratosphere. 
They  differ  largely  as  to  height  of  tropopause, 
height  of  minimum  Kz,  and  magnitude  of  Kz  at 
the  minimum.  The  relatively  small  differences  in 
these  Kz  functions  (Figure  2)  lead  to  substantial 
differences  in  predicted  history  of  carbon- 14  in 
the  stratosphere.  The  height  of  Shimazaki’s 
region  of  small  Kz  is  too  low  (note  the  low 
elevation  of  peak  carbon-14  in  Figures  9 and  10), 
and  the  average  value  of  his  Kz  appears  to  be  too 
large  (note  the  almost  totally  swept-out  strato- 
sphere by  1970).  Stewart’s  model  gives  a fairly 
gooo  representation  of  the  shape  of  the 
carbon- 14  profile  and  very  nearly  the  correct 
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height  of  maximum  carbon- 14  in  the  various 
comparisons,  but  the  magnitude  of  his  Kz  func- 
tion between  15  and  25  km  appears  to  be  too 
large,  because  it  always  predicts  too  little 
carbon-14  in  the  stratosphere.  McElroy’s  func- 
tion gives  many  predictions  in  approximate 
agreement  with  observations  (his  function  is  best 
for  the  interval  January  1964  to  January  1965); 
but  the  tropopause  is  about  2 kilometers  too 
high;  also,  this  Kz  function  appears  to  be  too 
large  on  the  average,  since  it  has  swept  too  much 
carbon- 14  out  of  the  stratosphere  over  the  long 
time  period  (Figure  1 1). 

Hunten’s  model  of  Kz  gives  a reasonably 
correct  prediction  of  the  shape,  elevation  of  the 
maximum,  and  magnitude  of  the  carbon- 14 
cloud  for  all  initial  and  final  profiles  tested. 
Figure  12  gives  its  poorest  prediction.  Hunten’s 
Kz  model  appears  to  be  superior  to  other  models 
tested  here.  However,  even  this  model  somewhat 
underestimates  the  persistence  of  carbon- 14  after 
8 years  (Figure  11). 

We  have  explored  the  effects  of  introducing 
small  changes  in  some  of  the  models.  The 
long-term  predictions  of  the  carbon-14  distribu- 
tion are  very  sensitive  to  small  perturbations  of 
assumed  Kz.  The  predictions  are  strongly  depen- 
dent on  both  the  shape  and  the  magnitude  of  the 
Kz  function.  The  long-term  carbon- 14  peak 
concentration  near  20  km  (Figure  10,  for 
example)  appears  to  require  the  qualitative  fea- 
tures of  McElroy’s  or  Hunten’s  model,  that  is, 
low  values  between  15  and  20  km  and  rapidly 
increasing  values  above  25  km. 

In  view  of  the  considerable  success  of 
Hunten’s  model  in  describing  the  carbon- 14  data, 
it  is  of  interest  to  examine  the  full  predictions  of 
his  model  for  the  eight-year  period,  taking  the 
initial  distribution  as  of  January  1963.  In  terms 
of  mixing  ratios  from  0 to  50  km.  these  predic- 
tions are  given  for  January  1964,  January  1965, 
January  1966,  and  November  1970  (Figure  13). 
The  lower  boundary  value  was  taken  to  be 
2.8  X 10'16  at  all  times.  The  upper  boundary 
condition  is  that  the  concentration  at  51  km  is 
half  that  at  50  km.  For  each  calculated  profile, 
the  initial  distribution  of  January  1963  was 
reduced  to  correct  for  subsequent  transport  of 
carbon- 14  to  the  southern  hemisphere.  For 
example,  the  initial  distribution  of  January  1963 
was  reduced  by  the  factor  .66/.87  for  the 
calculated  curve  for  January  1965  (note  the  “% 


N.H.”  column  in  Table  2).  The  triangles  are 
direct  observations  at  30°N  and  the  circles  are 
the  specially-defined  northern-hemisphere  aver- 
age. This  Kz  function  is  fairly  successful  in 
predicting  the  history  of  the  carbon- 14  over  the 
eight-year  period.  The  terminal  prediction  for 
November  1970  is  very  similar  for  January  1963 
as  initial  state  (Figure  13)  and  for  January  1965 
as  initial  condition  (Figure  1 1).  The  agreement  of 
this  terminal  prediction  with  observations, 
regardless  of  initial  time,  is  regarded  as  evidence 
against  the  existence  of  a large  pocket  of 
carbon- 14  above  the  polar  region  which  would 
cause  the  separation  of  carbon-14  and 
strontium-90  in  Figure  6. 
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Mixing  Rotio  (v/v)  of  Corbon-14 

Figure  13.  Calculated  and  observed  excess  carbon- 14 
mixing  ratios  in  the  stratosphere,  one,  two, 
three,  and  eight  years  after  January  1963 
(corrected  for  transport  to  southern  hemi- 
sphere). The  curves  were  calculated  by 
Hunten’s  model.  O,  •northern-hemisphere 
averages;  A,  A direct  observations  at  30°  N. 

There  is  a strong  correlation  between  the 
correctness  of  predicting  the  carbon-14  profile  in 
Figures  9 and  10  (but  not  so  much  so  for  the 
long-term  case  of  Figure  1 1)  and  the  magnitude 
of  the  reduction  of  ozone  by  the  SST  perturba- 
tion, Figure  lb.  In  Figures  9 and  10,  the  best 
predictions  of  carbon-14  are  made  by  Hunten, 
Stewart,  and  McElroy;  in  Figure  lb  these  also 
predict  the  three  largest  reductions  of  ozone  by 
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SST’s.  Crutzen,  Chang,  and  Shimazaki  give  com- 
parable predictions  of  carbon-14  in  Figures  9 and 
10,  and  they  give  about  the  same  magnitude  of 
ozone  depletion,  which  is  about  a factor  of  two 
less  than  the  Hunten-McElroy-Stewart  group. 
However,  the  predicted  ozone  reduction  by 
SST’s  is  less  sensitive  to  the  Kz  function  than  is 
the  sweep-out  of  the  cloud  of  carbon- 14. 

Finally,  it  is  of  interest  to  consider  the 
reduction  of  ozone  as  a function  of  added  NOx, 
using  Hunten’s  Kz  function,  Chang’s  calculation 
with  Hunten’s  Kz  function  (Figure  lb),  and 
Grobecker’s  (1974)  projected  injection  of  NOx 
(this  projection  applies  if  there  is  no  reduction  of 
the  NOx  emission  index  from  supersonic  trans- 
ports). Grobecker’s  projected  upper-bound  NOx 
injections  at  both  17  km  (15  to  18)  and  at  20  km 
(18  to  21)  are  given  in  Table  3.  Grobecker’s 
(1974)  upper-bound  NOx  and  Chang’s  (1974) 
one-dimensional  photochemical  model  with 
Hunten’s  (1974)  Kz  function  give  very  large 
reductions  of  global  ozone,  substantially  greater 
than  a factor  of  two  after  the  year  2010 
(Table  3). 

Table  3.  Global  Projections  of  NOx  Insertion  (units 
of  1012g  N02  yr'1)  at  17  km  and  at  20  km 
(Grobecker,  1974)  and  Ozone  Reduction 
as  Calculated  by  Chang  (1974)  Using 
Hunten’s  Kz  Function  (1974) 


% ozone  depletion  from  NOx 


NOx  insertion 

inserted  at: 

Year 

17  km 

20  km 

17  km 

20  km 

Total 

1990 

0.45 

0.22 

3.0 

2.5 

5.5 

1996 

0.60 

1.3 

4.0 

13 

17 

2000 

0.70 

3.0 

4.5 

23 

27 

2006 

1.0 

6.5 

6.2 

37 

33 

2010 

1.1 

9.0 

6.7 

43 

49 

2015 

1.2 

12 

7.2 

47 

54 

2020 

1.5 

20 

8.7 

52 

61 

2025 

1.6 

27 

9.2 

60 

69 
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APPENDIX 

TABLES  OF  MODEL  EDDY-DIFFUSION  COEFFICIENTS 
AND  OBSERVED  RADIOACTIVE  TRACER  DATA 


Table  Al.  Vertical  Eddy-Diffusion  Function  K?  (in  units  of  103  cm2  sec-1) 


Kilometers 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

57 

48 

49 

50 
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Table  Al.  Vertical  Eddy-Diffusion  Function  Kz  (in  units  of  103  cm2  sec1)  (cont.) 

Hun  ten 


100.  100.  100. 

30.  30.  30. 

4.5  5.2  5.6 

13.  15.  16. 

38.  41.  47. 

300.  300.  300. 

23.  18.  15. 

5.3  5.0  4.5 

3.8  3.9  4.0 

9.2  11.  13. 

300.  300.  300. 

13.  8.2  6.0 

6.2  6.6  7.0 

12.  13.  14. 

33.  40.  45. 

100.  100.  100. 

42.  40.  38. 

25.  23.  22. 

15.  14.  14. 

20.  22.  25. 

100.  100.  100. 

7.0  7.5  8.1 

14.  15.  16. 

29.  31.  33. 

6.0  63.  69. 

300.  300.  300. 

300.  300.  300. 

9.0  12.  15. 

52.  59.  65. 

140.  150.  160. 

300.  300.  300. 

10.  10.  10. 

10.  10.  10. 

10.  10.  10. 

10.  10.  10. 

190.  180.  170. 

58.  45.  38. 

8.1  6.5  5.5 

1.1  0.80  0.75 

0.65  0.74  0.83 

190.  180.  170. 

124.  120.  115. 

60.  S3.  48. 

20.  17.  15, 

17.  18.  21. 


100. 

100. 

100. 

2.3 

2.3 

2.7 

6.4 

7.2 

8.0 

18. 

20. 

22. 

52. 

59. 

63. 

Chang 

300. 

300. 

300. 

1Z 

11. 

9.7 

4.2 

4.0 

3.9 

4.2 

4.5 

5.0 

15. 

18. 

22. 

Stewart 

300. 

270. 

220. 

5.1 

5.0 

5.1 

7.3 

7.8 

8.2 

15. 

16. 

18. 

56. 

66. 

78. 

Whitten 

100. 

100. 

100. 

35. 

34. 

32. 

21. 

20. 

19. 

14. 

14. 

14. 

3.0 

35. 

42. 

Shimazaki 

100. 

100. 

100. 

8.9 

9.2 

10. 

17. 

18. 

20. 

35. 

39. 

42. 

73. 

80. 

85. 

McElroy 

300. 

300. 

300. 

300. 

300. 

2.0 

19. 

22. 

25. 

7.2 

81. 

90. 

170. 

180. 

200. 

Crutzen 

300. 

300. 

300. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

Brasseur  Kmin 

150. 

140. 

130. 

31. 

25. 

21. 

4.3 

3.4 

2.8 

0.62 

0.54  0.51 

0.95 

1.1 

1.2 

Brasseur  Kmax 

160. 

150. 

145. 

110. 

98. 

91. 

43. 

38. 

34. 

14.5 

14. 

14. 

2Z 

23. 

25. 

100. 

100. 

100. 

30. 

3.0 

3.3 

3.7 

4.2 

9.0 

10. 

11. 

12. 

24. 

28. 

30. 

34. 

72. 

80. 

90. 

100. 

300. 

300. 

300. 

300. 

8.6 

7.4 

6.6 

6.0 

3.7 

3.7 

3.7 

3.7 

5.4 

6.1 

7.0 

8.0 

26. 

33. 

42. 

54. 

150. 

90. 

42. 

23. 

5.2 

5.4 

5.6 

6.0 

8.9 

9.1 

9.9 

11. 

20. 

22. 

26. 

30. 

93. 

120. 

140. 

160. 

100. 

100. 

100. 

44. 

31. 

28. 

27. 

26. 

18. 

17. 

16. 

15. 

15. 

16. 

17. 

18. 

56. 

75. 

100. 

130. 

100. 

100. 

100. 

6.4 

11. 

12. 

13. 

14. 

23. 

24. 

25. 

27. 

44. 

48. 

51. 

55. 

91. 

99. 

110. 

120. 

300. 

300. 

300. 

300. 

2.0 

2.0 

4.0 

7.0 

30. 

35. 

40. 

45. 

9.9 

110. 

120. 

130. 

220. 

230. 

240. 

260. 

300. 

300. 

300. 

300. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

10. 

120. 

98. 

82. 

70. 

18. 

14. 

12. 

10. 

2.3 

1.9 

1.5 

1.3 

0.51 

0.52 

0.54 

0.58 

1.4 

1.7 

2.0 

2.2 

140. 

135. 

130. 

127. 

84. 

78. 

71. 

64. 

30. 

26. 

23. 

22. 

14. 

14.5 

15. 

16. 

28. 

3Z 

34. 

38. 
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Table  A2.  Mixing  Ratios  a (V/V)  of  Excess  Carbon-14  (in  multiples  of  10'1 6) 

a.  Mixing  Ratios  at  30°  N,  Based  on  Directly  Observed  Local  Values 

km  1/63  4/63  7/63  10/63  1/64  1/65  1/66 

36 

35 

34 


33 

20.6 

18.5 

16.9 

12.1 

14.3 

32 

7.58 

9.55 

30 

24.0 

23.8 

19.2 

21.4 

14.1 

27 

20.2 

22.1 

26.7 

20.2 

18.0 

14.1 

26 

9.60 

25 

10.0 

33.6 

44.6 

24 

35.5 

39.8 

30.7 

22.4 

16.7 

22 

21 

20 

77.1 

59.4 

46.8 

55.1 

40.4 

24.9 

15.0 

19 

73.0 

43.8 

18.3 

14.2 

18 

55.7 

40.2 

33.6 

30.9 

31.7 

14.3 

15 

20.8 

9.84 

5.23 

8.48 

7.54 

4.85 

12 

5.81 

11.3 

3.02 

3.36 

3.98 

3.93 

8 

2.92 

3.79 

3.12 

2.98 

3.60 

3.17 

4 

2.98 

3.12 

2.93 

2.93 

3.65 

2.93 

0 

2.10 

2.91 

2.77 

2.84 

2.75 

1 

b.  Mixing  Ratios  as  Observed  at  Various  Latitudes  and 
Heights,  January  1966 


9°N 


30°N 


70°  N 


km 

Q 

km 

a 

km 

a 

4.5 

2.84 

4.5 

3.18 

1.0 

3.18 

8.5 

2.80 

8.3 

2.99 

4.3 

3.08 

12.0 

2.99 

11.8 

3.42 

7.5 

3.18 

14.8 

3.13 

15.0 

4.34 

11.9 

7.04 

18.0 

3.90 

16.2 

11.7 

15.0 

13.0 

19.0 

4.58 

17.8 

13.4 

17.8 

16.1 

19.5 

4.63 

18.8 

17.1 

18.5 

15.3 

19.0 

14.2 

18.8 

19.4 

19.5 

15.0 

19.2 

18.4 

24.0 

16.7 

27.2 

14.1 

30.0 

14.1 

31.0 

15.8 

32.8 

14.3 
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c.  Mixing  Ratios  Observed  by  Balloon,  and 
Contour  Lines  as  Inferred  from  Balloon 
Plus  Aircraft  Sampling,  November  1970 


9° 

N 

30°  N 

42° 

N 

km 

a 

km 

a 

km 

a 

20.8 

3.71 

19.6 

5.30 

19.6 

5.78 

21.0 

3.86 

20.3 

5.78 

20.9 

6.03 

21.4 

4.34 

21.0 

6.51 

21.3 

6.27 

22.0 

4.82 

21.2 

6.17 

23.3 

6.75 

23.0 

5.30 

22.2 

6.27 

24.0 

6.89 

23.7 

5.78 

23.9 

6.84 

27.2 

6.75 

27.2 

5.35 

24.3 

6.75 

27.4 

6.65 

30.6 

5.30 

24.4 

6.70 

30.8 

6.46 

31.5 

5.11 

26.5 

6.75 

31.5 

6.27 

27.2 

6.31 

36.0 

6.03 

34 

°S 

27.6 

6.84 

km 

a 

31.2 

6.27 

65° 

N 

32.5 

5.59 

km 

a 

20.0 

5.78 

32.8 

6.17 

— 

20.9 

5.74 

33.0 

6.27 

20.3 

6.27 

21.1 

6.17 

34.0 

5.78 

22.3 

6.75 

21.7 

6.27 

35.5 

5.30 

24.0 

6.70 

23.9 

6.27 

36.3 

4.63 

26.9 

6.80 

24.2 

6.51 

27.0 

6.75 

27.0 

6.46 

30.0 

6.27 

27.2 

6.27 

31.0 

5.78 

27.3 

5.78 

32.3 

5.78 

Table  A3.  Concentration  of  Excess  Carbon- 14  ( 1 03  molecules  cm'3) 


a.  January  1963 


km 

80°  N 

70°N 

60°  N 

50°  N 

40°  N 

30°  N 

20°  N 

10°N 

0°N 

10°S 

20°  S 

30°  S 

29 

0.3 

0.3 

0.3 

28 

0.4 

0.5 

0.5 

0.5 

0.4 

27 

0.4 

0.6 

0.6 

0.6 

0.6 

0.6 

0.4 

26 

0.6 

0.6 

0.8 

0.8 

0.8 

0.8 

0.8 

0.6 

25 

0.8 

0.8 

0.8 

1.0 

1.4 

1.2 

1.0 

0.8 

0.8 

24 

0.9 

1.0 

1.2 

1.0 

1.4 

2.8 

3.0 

1.6 

1.2 

1.0 

0.8 

23 

1.2 

1.2 

1.4 

1.6 

2.0 

5.6 

6.4 

4.2 

1.8 

1.2 

1.0 

1.0 

22 

1.8 

1.8 

2.8 

4.4 

9.4 

11.6 

10.4 

4.4 

1.8 

1.4 

1.2 

1.0 

21 

3.8 

5.6 

10.2 

12.0 

15.8 

14.8 

12.2 

4.2 

1.8 

1.6 

1.2 

1.0 

20 

12.6 

13.4 

16.4 

18.4 

18.2 

16.4 

12.6 

3.6 

1.6 

1.4 

1.2 

1.2 

19 

19.4 

20.6 

20.8 

21.4 

18.6 

16.0 

11.4 

3.0 

1.4 

1.4 

1.4 

1.2 

18 

25.0 

25.2 

24.8 

22.8 

17.0 

14.8 

6.8 

2.2 

1.2 

1.2 

1.4 

1.2 

17 

30.4 

28.6 

27.0 

21.2 

15.2 

12.2 

5.8 

1.4 

1.2 

1.0 

1.4 

1.2 

16 

33.6 

30.6 

25.0 

19.2 

13.0 

9.2 

5.0 

1.2 

1.0 

1.0 

1.4 

1.4 

15 

32.8 

28.2 

22.0 

16.4 

10.8 

7.4 

4.2 

1.0 

0.8 

0.8 

1.2 

1.2 

14 

28.8 

23.8 

18.0 

12.0 

8.8 

6.4 

3.6 

1.2 

1.2 

13 

21.4 

16.0 

12.6 

9.2 

6.2 

5.4 

1.2 

12 

14.0 

11.6 

9.8 

6.2 

3.6 

11 

11.4 

9.8 

4.6 

3.4 

10 

9.8 

7.6 

4.0 

9 

8.0 

4.2 

8 4.4 


b.  January  1964 


km 

80°  N 

70°  N 

60°  N 

50°  N 

40°  N 

30°  N 

20°  N 

10°N 

0_° 

10°S 

20°  S 

30°  S 

29 

0.9 

0.9 

0.9 

28 

1.0 

1.0 

0.9 

0.9 

0.8 

27 

1.2 

1.2 

1.1 

1.0 

1.0 

0.8 

0.7 

26 

1.6 

1.6 

1.8 

1.2 

1.3 

1.0 

0.8 

0.8 

25 

2.1 

2.2 

2.4 

2.4 

1.5 

1.6 

1.2 

0.9 

0.8 

24 

2.6 

2.8 

3.2 

3.2 

3.4 

2.0 

1.7 

1.4 

0.9 

0.9 

23 

3.2 

3.6 

3.8 

4.4 

4.6 

4.6 

3.4 

1.8 

1.6 

1.0 

0.9 

22 

4.2 

4.4 

4.8 

5.2 

5.6 

6.0 

5.6 

3.8 

1.9 

1.6 

1.1 

1.0 

21 

5.4 

6.0 

6.6 

7.0 

7.8 

7.4 

6.4 

3.6 

1.9 

1.6 

1.2 

1.1 

20 

7.2 

7.6 

8.2 

8.6 

8.6 

8.2 

6.6 

3.4 

1.8 

1.6 

1.1 

1.1 

19 

9.0 

9.0 

10.0 

9.4 

9.4 

8.8 

6.4 

2.8 

1.8 

1.4 

1.1 

1.0 

18 

11.4 

10.8 

11.0 

10.2 

10.0 

8.2 

5.4 

2.4 

1.8 

1.4 

1.0 

1.0 

17 

13.0 

12.0 

11.2 

11.0 

9.6 

7.2 

3.2 

2.0 

1.7 

1.4 

1.0 

1.0 

16 

14.2 

12.2 

9.2 

10.2 

9.0 

4.8 

2.3 

1.7 

1.6 

1.4 

1.2 

1.1 

15 

14.8 

13.0 

11.4 

6.8 

9.0 

3.4 

1.9 

1.6 

1.6 

1.4 

1.3 

1.2 

14 

15.2 

13.8 

12.6 

7.8 

10.4 

3.4 

1.8 

1.5 

1.4 

13 

14.6 

13.0 

11.6 

8.2 

8.4 

2.6 

12 

13.0 

12.0 

8.8 

2.4 

4.0 

11 

11.2 

10.4 

6.2 

3.0 

10 

9.6 

7.0 

4.4 

9 7.6  5.4 

8 5.8 
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Table  A3.  Concentration  of  Excess  Carbon- 14  (103  molecules  cm'3)  (cont.) 


c.  January  1965 


km 

80°  N 

70°  N 

60°  N 

50°  N 

40°  N 

30°  N 

29 

28 

27 

1.6 

26 

1.5 

1.8 

25 

2.0 

1.8 

2.1 

24 

2.0 

2.2 

2.2 

2.4 

23 

2.4 

2.4 

2.7 

2.6 

2.8 

22 

3.0 

2.8 

2.9 

3.2 

3.2 

3.4 

21 

3.4 

3.3 

3.4 

3.6 

3.8 

3.9 

20 

4.0 

3.8 

4.0 

4.2 

4.4 

4.4 

19 

4.6 

4.6 

4.8 

5.2 

5.0 

4.4 

18 

5.4 

5.4 

5.6 

5.8 

5.0 

3.8 

17 

6.0 

5.8 

5.9 

5.4 

4.4 

3.0 

16 

6.3 

6.0 

5.8 

5.2 

3.4 

1.8 

15 

6.3 

6.0 

5.8 

4.0 

2.6 

1.4 

14 

6.0 

6.0 

5.2 

2.6 

2.2 

1.6 

13 

5.7 

4.8 

4.0 

2.5 

2.1 

1.7 

12 

5.4 

4.4 

3.6 

2.4 

2.2 

11 

5.0 

4.0 

3.4 

2.6 

10 

4.6 

3.8 

3.2 

9 

4.2 

3.4 

8 

4.0 

20°  N 

10“N 

0° 

10°S 

20°  S 

30°  S 

0.9 

0.5 

0.5 

1.2 

1.0 

0.6 

0.6 

0.5 

1.4 

1.2 

0.8 

0.8 

0.6 

0.7 

1.8 

1.4 

1.0 

1.0 

0.8 

0.8 

2.0 

1.7 

1.2 

1.2 

1.0 

0.9 

2.4 

2.0 

1.4 

1.4 

1.2 

1.0 

2.8 

2.4 

1.7 

1.7 

1.5 

1.2 

3.2 

2.6 

2.0 

2.0 

1.8 

1.4 

3.8 

2.7 

2.4 

2.2 

2.0 

1.7 

3.8 

2.6 

2.6 

2.4 

2.2 

1.9 

3.4 

2.6 

2.3 

2.2 

2.3 

2.0 

2.6 

1.2 

1.4 

1.4 

1.8 

1.8 

1.6 

1.0 

0.8 

0.9 

1.3 

1.6 

1.4 

1.0 

0.9 

1.0 

1.0 

1.4 

1.2 

1.1 

1.1 

1.2 

1.0 

1.2 

1.2 

1.0 

1.0 

1.0 


Table  A4.  Relative  Mixing  Ratio*  of  Strontium-90  at  30°  N 


April  1963  July  1963  October  1963  January  1964  January  1965  January  1966 


km 

90Sr 

km 

90Sr 

km 

90Sr 

km 

90Sr 

km 

90Sr 

km 

90Sr 

30.3 

200 

29.0 

300 

32.0 

200 

29.5 

100 

30.3 

30 

32.5 

10 

28.0 

500 

28.0 

400 

28.5 

300 

26.5 

200 

26.8 

50 

29.8 

20 

24.3 

1000 

26.5 

500 

26.5 

500 

25.2 

300 

25.2 

100 

28.2 

30 

23.2 

1500 

23.9 

1000 

23.7 

1000 

23.6 

500 

21.8 

200 

27.0 

40 

21.8 

1700 

22.8 

1500 

21.9 

1200 

22.4 

800 

21.4 

300 

26.0 

50 

19.3 

1700 

21.8 

1700 

21.2 

1500 

21.6 

900 

20.9 

350 

24.6 

100 

18.5 

1500 

19.2 

1700 

19.4 

1500 

20.6 

1000 

19.2 

350 

22.2 

150 

17.7 

1000 

18.6 

1500 

19.1 

1200 

19.2 

1000 

17.9 

300 

20.0 

150 

16.2 

500 

17.8 

1000 

18.5 

1000 

18.7 

900 

16.7 

200 

18.3 

130 

14.0 

200 

16.5 

500 

17.2 

500 

18.3 

800 

16.2 

100 

17.8 

100 

10.8 

100 

16.0 

200 

16.2 

300 

17.2 

500 

15.8 

50 

17.0 

50 

9.5 

50 

15.5 

100 

15.8 

200 

16.2 

300 

14.0 

10 

12X, 

10 

7.3 

26 

14.9 

50 

15.6 

100 

15.7 

200 

6.0 

14 

14.1 

10 

15.2 

50 

13.5 

100 

4.5 

7 

14.0 

10 

12.0 

50 

10.5  22 


*!n  units  of  disintegrations  per  minute  per  1000  cubic  feet  of  standard  air. 
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Table  A5.  Average  Concentration  of  Excess  Carbon-14  at  30°N 
(units  of  103  atoms  cm'3) 


km 

1/63 

4/63 

7/63 

10/63 

1/64 

1/65 

27 

0.61 

1.38 

2.09 

2.14 

1.58 

1.48 

26 

0.89 

2.08 

2.52 

2.84 

2.05 

1.70 

25 

1.72 

3.11 

3.42 

3.75 

2.80 

2.07 

24 

3.69 

4.65 

4.71 

4.87 

3.70 

2.40 

23 

7.76 

6.77 

6.45 

6.19 

4.81 

2.85 

22 

11.9 

9.91 

8.71 

7.75 

6.11 

3.36 

21 

14.6 

11.9 

9.98 

8.92 

7.13 

3.89 

20 

IS. 7 

12.6 

10.0 

9.37 

7.70 

4.31 

19 

14.8 

11.4 

9.07 

9.12 

7.85 

4.28 

18 

13.1 

10.1 

8.07 

8.02 

7.76 

4.03 

17 

10.1 

9.10 

7.95 

6.73 

6.88 

3.35 

16 

7.7 

8.44 

7.30 

5.19 

6.00 

2.28 

IS 

6.25 

7.85 

6.16 

4.50 

5.40 

1.96 

14 

4.59 

6.00 

4.77 

3.71 

3.86 

1.90 

13 

3.25 

4.47 

3.73 

3.17 

2.87 

1.94 

Table  A6.  Mixing  Ratios  (V/V)  of  Excess  Carbon-14  at  30°  N 
(multiples  of  10'16),  Based  on  Average  Values 
from  Table  AS 


km 

1/63 

4/63 

7/63 

10/63 

1/64 

1/65 

27 

10.2 

22.9 

34.5 

35.4 

26.2 

24.4 

26 

12.5 

29.3 

35.6 

40.1 

28.9 

24.0 

25 

20.7 

37.4 

41.1 

45.0 

33.6 

24.8 

24 

38.3 

48.4 

49.0 

50.6 

38.4 

24.9 

23 

67.0 

58.5 

55.7 

53.4 

41.6 

24.6 

22 

87.6 

72.6 

63.8 

56.7 

44.7 

24.6 

21 

90.9 

74.2 

62.0 

55.4 

44.3 

24.1 

20 

82.8 

66.5 

53.1 

49.3 

40.6 

22.7 

19 

66.3 

51.3 

40.5 

40.8 

35.1 

19.1 

18 

49.8 

38.4 

30.7 

30.5 

29.5 

15.3 

17 

32.9 

29.5 

25.8 

21.8 

22.3 

10.8 

16 

21.6 

23.4 

20.2 

14.4 

16.6 

6.3 

15 

14.9 

18.7 

14.7 

10.7 

12.8 

4.6 

14 

9.4 

12.3  • 

9.8 

7.6 

7.9 

3.9 

13 

5.8 

8.0 

6.6 

5.6 

5.1 

3.4 
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ABSTRACT:  The  extensive  use  of  parameterized,  coupled-chemical-kinetics-and-transport  models  in 
the  CIAP  program  has  focused  a great  deal  of  attention  on  the  need  to  validate  these  models.  Due  to 
the  lack  of  experiments  designed  to  test  model  predictions  directly,  it  has  become  necessary  to  seek 
indirect  and  partial  confirmations  of  the  ability  of  the  models  to  represent  the  structure  of  the 
stratosphere.  Of  particular  importance  is  the  quantitative  validity  of  the  extensively  parameterized 
vertical  transport  in  the  1-D  models.  Unfortunately,  great  uncertainties  exist  even  for  this  limited 
objective.  We  shall  discuss  some  of  the  limitations  of  the  existing  experimental  data  in  providing 
conclusive  quantitative  evidence. 


INTRODUCTION 

The  two  basic  components  of  any  theo- 
retical model  of  the  stratosphere  are  the 
photochemical-kinetic  processes  and  the  dynamic- 
transport  processes.  In  constructing  a model 
we  attempt  to  describe  all  the  essential  photo- 
chemistry and  to  represent  the  principal  trans- 
port mechanisms  in  the  stratosphere.  Due  to 
various  limitations,  we  are  forced  to  simplify  and 
parameterize  many  of  the  detailed  physical 
processes.  F or  example,  we  are  forced  to  choose 
a limited,  manageable  subset  of  photochemical 
reactions  from  the  full  known  kinetics  system.  In 
this  choice  we  are  limited  by  our  current 
knowledge,  and  can  never  rule  out  future  modifi- 
cations. This  is  illustrated  by  the  growth  of  the 
list  of  essential  stratospheric  reactions  from  the 
pure  Ox  system  to  Ox  - HOx , Ox  - HOx  - NOx 
and  now  Ox  - HOx  - NOx  - C10x  systems  (Chap- 
man, 1930;  Nicolet,  1970;  Crutzen,  1970,1971; 
Johnston,  1971;  Stolarski  and  Cicerone,  1974; 
Wofsy  and  McElroy,  1974). 

In  matters  of  transport,  the  level  of  param- 
eterization in  these  models  is  often  extensive. 
For  example,  in  two-dimensional  models  the  net 
atmospheric  motions  are  necessarily  (but  also 
somewhat  arbitrarily)  represented  by  the  con- 
cepts of  mean  motion  and  turbulent  eddy  dif- 
fusion. These  concepts,  as  formulated  for  present 
two-dimensional  models,  are  not  mutually 
independent.  The  observationally  deduced  values 
for  these  parameters  are  limited  by  further 


assumptions  (Reed  and  German,  1965;  Mahlman, 
1975).  In  one-dimensional  models  the  net  verti- 
cal atmospheric  motion  is  represented  by  a 
diffusive-transport  mechanism,  while  the  other 
motions  are  assumed  to  be  averaged  out.  Hence, 
not  only  is  the  parameterization  severe,  but  the 
character  of  the  net  motions  may  even  be 
misrepresented.  Thus,  the  only  justification  for 
such  parameterization  of  the  net  vertical  trans- 
port is  that  it  is  expedient,  and  apparently  works 
“reasonably  well”.  But  utilizing  these  models  for 
predictions  of  perturbations  to  the  stratosphere 
is  always  suspect.  This  is  especially  apparent  now 
that  it  has  been  demonstrated  that  differences  in 
the  predictions  of  various  models  are  principally 
due  to  the  differences  in  the  parameterization  of 
the  vertical  transport  process  (Chang  and 
Johnston.  1974;  Chang,  1974). 

Better  quantification  is  needed  of  the 
uncertainties  in  the  model  predictions  of  the 
possible  perturbations  of  the  ozone  by  super- 
sonic transport  operations  in  the  stratosphere. 
Therefore,  a thorough  analysis  of  the  param- 
eterized transport  used  in  these  models  is 
required.  Both  natural  chemical  tracers  and 
man-made  radionuclides  may  be  used  in  assessing 
the  accuracy  of  the  model  transport,  and  each 
will  be  discussed  in  turn.  It  should  be  obvious 
that  almost  all  conclusions  apply  equally  well  to 
the  multi-dimensional  models,  although  the 
present  discussions  are  centered  on  one- 
dimensional models. 
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VERTICAL  EDDY-DIFFUSION 
COEFFICIENTS 

As  was  mentioned  before,  the  net  vertical 
motion  in  the  one-dimensional  model  is  repre- 
sented by  an  altitude-dependent  diffusion  coeffi- 
cient K(z)  in  the  species-continuity  equation 

+ Pi  - LjCj  + Sj, 

where 

Cj  = Cj(z,t)  is  the  concentration  of  the 
ith  constituent; 

p = ambient  air  density; 

Pj  = production  of  Cj  due  to  photo- 

chemical interactions; 

LjCj  = loss  of  Cj  due  to  photochemical 
interactions; 

S;  = any  other  possible  sinks  or  sources 

of  Cj, 

t = time 

In  general,  K(z)  is  characterized  by  a rather 
large  value  in  the  troposphere  (^105  cm2/sec), 
followed  by  a low-value  region  («=103  - 104 
cm2/sec),  and  then  a fast  rise  to  a high  value 
again  (=»10s  cm2/sec).  This  is  in  keeping  with  the 
observed  stability  (or  relatively  long  residence 
time)  of  the  stratospheric  region.  However, 
detailed  structures  of  the  preferred  K(z)  for 
various  models  are  quite  different;  three  of  them 
are  shown  in  Figure  1.  Curve  A is  based  on  the 
vertical  eddy-diffusion  coefficients  derived  from 
heat-flux  data  by  Gudiksen  et  al.  (1968).  Because 
the  original  values  were  derived  for  a two- 
dimensional  model  including  mean  vertical  wind, 
it  was  necessary  to  adjust  the  values  so  that  we 
would  have  approximately  a two-year  residence 
time  at  20  km.  For  the  regions  above  30  km,  a 
smooth  connection  was  made  to  the  high  values 
of  2 X 10s  cm2/sec  in  the  50-55  km  region.  This 
is  quite  arbitrary  and  differs  greatly  from  curves 
B and  C.  Both  curves  B and  C are  derived  from 
the  same  type  of  data,  namely,  stratospheric 
measurements  of  CH4.  Wofsy  and  McElroy 
(1973)  assumed  K(z)  to  have  the  form  a p-1/2  + 0 


above  18  km,  chose  a and  0 to  match  prescribed 
values  at  18  and  60  km,  and  obtained  curve  B, 
which  fits  the  observed  CH4  concentration  at  50 
km  (Ehhalt,  1972).  This  calculation  is  reliable  if, 
and  only  if,  the  chemical  lifetime  for  CH4  (as 
derived  in  the  given  model)  is  reliable.  This 
lifetime  depends  on  not  only  the  photolysis  rate 
for  CH4  but  also  its  measured  kinetic  reaction 
rates  with  OH  and  0(*  D).  Concentrations  of  OH 
and  O('D)  depend  on  the  K(z)  in  the  model,  so 
we  are  back  to  where  we  started.  Curve  C as 
furnished  by  Hunten  (1975)  was  derived  by 
drawing  a curve  through  the  measured  CH4 
values,  estimating  a boundary  flux  for  CH4,  and 
using  the  chemical  lifetime  of  CH4  from  Wofsy 
and  McElroy  (1973)  to  calculate  K(z)  from  Eq. 
(1).  After  that,  some  adjustment  was  made  at  the 
tropopause  to  simulate  the  seasonal  variation  in 
tropopause  heights.  As  a result,  this  K(z)  profile 
not  only  inherited  the  uncertainties  of  profile  B, 
but  due  to  its  marked  differences  from  B.  it 
raises  the  question  of  self-consistency,  in  that  we 
would  not  expect  the  OH  and  0( 1 D)  con- 
centrations based  on  profiles  B and  C to  agree. 
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Figure  1.  Examples  of  vertical  eddy-diffusion  pro- 
files for  1-D  models. 

It  is  clear  that  all  attempts  at  “deriving” 
eddy-diffusion  coefficients  are  burdened  with 
arbitrary  assumptions  and  uncertain  input  data. 
The  same  is  true  for  two-dimensional  models,  as 
was  discussed  by  Mahlman  (1975).  In  the 
absence  of  solid  theoretical  bases,  the  usefulness 
of  models  must  then  rest  with  direct  comparison 
with  known  tracers  in  the  stratosphere. 
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CHEMICAL  TRACE  SPECIES 
AS  TRACERS 

As  was  indicated  in  the  above  discussion,  in 
considering  chemically  active  tracers  it  is  neces- 
sary to  know  all  the  relevant  production  and  loss 
mechanisms.  By  definition,  the  chemically  re- 
active tracers  undergo  chemical  transformation  in 
the  stratosphere.  Thus,  any  analysis  involving 
these  tracers  must  be  sensitive  to  uncertainties  in 
our  knowledge  of  the  chemical  cycles  and  to  the 
calculated  or  measured  photolytic  and  chemical- 
kinetic  reaction-rate  coefficients.  Therefore,  only 
the  chemical  tracers  with  the  simplest  chemical 
cycles  are  suitable  as  tracers  >n  validating  models. 
Two  major  tracers  are  CH4  and  N20.  Their 
chemical  cycles  are  rather  simple  (Wofsy  and 
McElroy,  1973;  Wofsy  and  McConnell,  1971) 
and  available  measurements  are  reliable.  Unfortu- 
nately, they  do  not  serve  to  differentiate  among 
the  profiles  A,  B,  and  C in  Figure  1.  Figures  2 
and  3 show  that  given  identical  chemistry, 
boundary  conditions,  etc.,  all  three  K(z)’s  pro- 
vide equally  good  results  in  the  important  range 
of  10-30  km.  Above  40  km,  only  profile  B can 
predict  the  CH4  measurement.  For  profile  C our 
computed  results  differ  from  the  original  claim 
of  Hunten  that  profile  C fits  all  CH4  data, 
including  the  high-altitude  data.  As  a check  of 
our  calculation  we  also  computed  a CH4  dis- 
tribution (case  D)  based  on  a profile  first 
suggested  by  Crutzen  (1971).  Comparison  of 
both  distributions  B and  D with  the  original 
publications  confirms  the  accuracy  of  our 
calculation. 
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Figure  2.  Comparison  of  measured  CH4  verlical 
profiles  and  some  theoretical  profiles. 


Figure  3.  Comparison  of  measured  N20  vertical 
profiles  and  some  theoretical  profiles. 

It  should  also  be  pointed  out  that  all 
CH4  data  used  here  have  been  collected  at 
one  station,  Palestine,  Texas  (32°N).  When 
they  are  compared  to  the  infrared  data  of 
Ackerman  and  Muller  ( 1973),  differences  as  large 
as  a factor  of  two  are  found  in  the  20-30  km 
range.  Similarly,  the  N20  measurements  are  also 
somewhat  scattered.  In  both  sets  of  data  it  is  the 
critical  region  just  above  the  tropopause  that 
shows  the  most  uncertainty.  Other  trace  species 
such  as  NO,  N 02,  HNO3,  and  O3  are  not  good 
tracers,  because  they  are  highly  variable  in 
natural  concentration  and  highly  dependent  on 
model  input  parameters  such  as  solar  zenith 
angle,  diurnal  and  seasonal  processes,  etc. 
The  recently  measured  chlorofluorocarbons 
(CF2C12,  CFCI3)  (Lovelock,  1974;  Molina  and 
Rowland,  1974)  promise  to  be  better  tracers 
than  any  of  the  above  trace  species  due  to  their 
apparently  perfectly  simple  chemical  cycle  (i.e., 
they  are  totally  inert  except  for  photolysis).  The 
stratospheric  measurement  of  these  chloro- 
fluorocarbons has  great  potential  usefulness, 
except  perhaps  for  the  added  complication  that 
the  non-steady-state  nature  of  chlorofluoro- 
carbons’ atmospheric  concentrations  may  not 
provide  sufficient  sensitivity  to  test  the  param- 
eterized profiles  A,  B,  C,  and  others. 

RADIONUCLIDES  AS  TRACERS 

Atmospheric  nuclear-weapons  tests  inject  an 
easily  identifiable  amount  of  radionuclides  into 
the  atmosphere.  These  radionuclides  are  injected 
either  as  fine  particulates  (e.g.,  Sr90,  W185, 
Rh102,  and  Cd'09)  or  as  true  gas  (C14).  As 
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such,  they  are  expected  to  move  with  the  natural 
circulations  of  the  atmosphere.  Ideally,  a con- 
tinuous and  regular  program  of  measurement  of 
these  radionuclides  can  provide  much  informa- 
tion on  the  motions  of  the  atmosphere.  Indeed, 
many  investigators  have  used  these  data  to  good 
advantage  (List  and  Telegadas,  1969;  Machta  et 
al.,  1970;  Telegadas  and  List,  1969;  Johnston  et 
al„  1975). 

Although  these  radioactive-debris  data  pro- 
vided good  qualitative  and  semi-quantitative 
information  in  the  past,  their  most  recent  use 
(Johnston,  1975)  may  have  demanded  more 
details  than  are  available.  In  contrast  to  the 
chemical  tracers,  these  radionuclides  are  non- 
reactive and  undergo  well-understood  radioactive 
decay  only.  Unfortunately,  this  advantage  over 
chemical  tracers  is  almost  totally  overshadowed 
by  the  difficulties  caused  by  the  transient  nature 
of  the  radionuclides.  Detailed  quantification  of 
any  given  radionuclide  depends  not  only  on  the 
exact  knowledge  of  the  initial  state  (i.e.,  amount, 
location,  spatial  distribution,  meteorology  at  the 
time  of  injection,  etc.),  but  also  on  the  accuracies 
of  subsequent  global-scale  measurements  at  all 
levels  of  the  atmosphere  and  at  the  surface. 
Consequently,  we  are  limited  by  the  available 
measurement  platforms.  During  past  atmospheric 
nuclear  tests  we  often  had  extensive  and  regular 
aircraft  data  below  ^21  km  but  only  a few 
balloon  samples  at  discrete  altitudes  above  that 
(up  to  ^32  km)  (Telegadas  and  List,  1969). 
Therefore,  only  those  tests  in  which  the  initial 
stabilized  nuclear  debris  is  below  20  km  can  be 
quantified  reasonably  well.  On  the  basis  of  the 
estimated  total  yields  from  the  individual  tests  in 
the  early  sixties  and  the  estimated  cloud  stabili- 
zation heights  (Petersen,  1970),  we  believe  that 
more  than  half  of  the  radioactive  debris  could 
have  been  placed  well  above  20  km.  This  clearly 
would  significantly  affect  the  quantitative  accu- 
racy of  Sr90  and  C14  data.*  Since  these  are  the 
principal  radioactive  tracers,  with  the  most 
extensive  data,  we  shall  now  limit  our  discussions 
to  them. 

As  stratospheric  tracers  Sr90  and  C14  differ 
in  three  essential  characteristics: 


*The  other  tracers  mentioned  above  are  special,  one- 
time-only  tracers  (List  and  Telegadas,  1969). 


1.  Production  Mechanism  Sr90  is  a fission 
product  with  a half-life  of  28  years. 
Each  megaton  of  fission  yield  is  esti- 
mated to  produce  about  0.1  megacurie 
of  Sr90.  C14  is  produced  through  the 
interaction  of  neutrons  with  atmospheric 
nitrogen  (proportionally  to  total  yield) 
and  has  a half-life  of  5600  years.  If  we 
assume  the  natural,  cosmic-ray-produced 
background  C14  to  be  uniformly  mixed 
in  the  atmosphere,  then  the  difference 
between  the  observed  and  the  back- 
ground C14  is  the  tracer,  known  as 
excess  C14.  While  the  net  stratospheric 
deposition  of  Sr90  is  dependent  on  the 
extent  of  local  fallout,  net  C14  injected 
per  test  depends  on  the  degree  of 
surface  absorption  of  the  neutrons. 
Unfortunately  these  estimates  are  rather 
uncertain  (Machta  et  al.,  1963). 

2.  Loss  Mechanism.  In  addition  to  the 
natural  decay,  Sr90  can  be  removed 
from  the  atmosphere  through  rainout 
scavenging.  On  the  other  hand,  atmo- 
spheric C*4  (in  the  form  of  C02)  can  at 
most  be  exchanged  with  the  natural 
reservoir  in  the  ocean  and  the  biosphere 
(Machta  et  al.,  1963).  This  difference  in 
removal  mechanism  means  that  once 
Sr90  enters  the  troposphere,  it  is  pre- 
vented from  reentering  the  stratosphere. 
However,  the  tropospheric  excess  C14 
can  be  recirculated  into  the 
stratosphere. 

3.  Enhanced  Downward  Motion.  Sr90  in 
finite-size  particles  can  undergo  gravi- 
tational settling,  whereas  C14  in  the  gas 
phase  will  not.  The  analysis  of  List  and 
Telegadas  (1969)  apparently  indicates 
no  such  separation  above  25  km,  due  to 
the  initially  small  particle  size.  They  did 
not  examine  the  possibility  of  nuclea- 
tion  and  particle  growth  below  25  km. 
This  possibility  still  has  not  been  ana- 
lyzed, due  to  the  lack  of  an  adequate 
theory  of  the  nucleation  process. 

It  has  been  observed  that  the  effective 
residence  times  of  a tracer  in  the  stratosphere  as 
deduced  from  Sr90  and  C'4  data,  2 and  4 years 
respectively,  differ  by  a factor  of  two  (Telegadas, 
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1967,  1971).  The  question  is  why,  and  which  trends  to  be  a manifestation  that  Sr90  is  under- 
best represents  the  behavior  of  NOx  from  the  going  nucleation  and  particulate  settling,  then  we 

SST  in  the  stratosphere?  Pointing  out  that  NOx  are  at  a loss  to  explain  the  very  good  agreement 

is  gaseous  like  C14  and  that  Sr9^  may  undergo  in  the  1960-61  trends.  The  same  relative  behavior 

particulate  settling.  Johnston  et  al.  (1975)  sug-  of  trends  is  also  observed  in  the  estimated  global 

gest  that  C14  data  should  be  used  to  validate  the  stratospheric  burdens.  But  this  global  burden  is 

vertical  transport  in  1-D  models.  In  fact,  subject  to  data  extrapolations  and  subjective 

Johnston’s  analysis  indicates  that  profile  C in  estimates  by  the  data  analysts.  For  the  present 

Figure  1 gives  the  best  agreement  with  observed  purpose  of  considering  any  possible  evidence  of 

data.  This  would  favor  the  high  estimates  among  particulate  settling  in  Sr90,  the  local  directly- 

the  current  range  of  estimated  ozone  perturba-  measured  data  are  much  more  sensitive  • and 

tions.  However,  a detailed  consideration  of  the  reliable.  It  should  be  stressed  at  this  time  that  all 

Sr9*-*  and  C14  tracer  data  suggests  that  his  results  the  published  latitudinal  contours  of  C*4  and 

are  not  conclusive,  and  that  a literal  interpreta-  Sr90  are  smooth  interpolations  of  known  data 

tion  of  the  published  C'4  data  may  be  quite  points.  The  dashed  lines  indicate  the  portion  of 

inappropriate.  the  data  that  is  based  strictly  on  intuitive  guesses. 

Figure  4 shows  the  trends  in  C14  and  Sr90  If  we  go  back  to  the  original  data  and  apply  the 

at  20  km  as  a function  of  time  at  60°-75°N  and  abovementioned  characteristics  of  C14  and  Sr90 

at  24  km  as  a function  of  time  at  31°N.  These  injection  processes  (characteristics  1 and  2 

are  direct  measurements  independent  of  extrapo-  above)  we  can  construct  a hypothetical  scenario 

lations.  It  is  seen  that  for  the  two  periods  in  which  all  the  major  characteristics  of  the 

1960-61  and  1964-65  there  are  marked  dif-  observations  can  be  explained  without  re- 
ferences in  the  relative  trends  of  C14  and  Sr90.  If  course  to  the  particulate-settling  conjecture 

we  are  to  interpret  the  1964-65  differences  in  (characteristics). 
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THE  HIDDEN-SOURCE  HYPOTHESIS 

It  is  known  that  more  than  half  the  1961-62 
USSR  tests  were  high-yield  weapons  (>10  Mt). 
The  best  available  estimates  for  the  stabilized 
cloud  height  (Petersen,  1970)  would  place  these 
nuclear  clouds  above  20  km  in  the  polar  region, 
where  there  were  no  direct  measurements  of 
either  C14  or  Sr90.  Asa  result,  any  tabulation  of 
stratospheric  burdens  based  on  contours  of  the 
type  shown  in  Figure  5 would  greatly  under- 
estimate the  true  burden.  Indeed,  this  was  shown 
by  Machta  et  al.  (1963).  Prior  to  the  large  polar 
tests  of  1961-62  very  little  of  the  injection  was 
placed  above  20  km,  and  consequently  the 
observed  burden  and  estimated  productions  agree 
to  within  ± 1 0%  in  both  1 960  and  1961.  In  1 963, 
after  the  last  of  the  high-yield  tests,  the  measured 
additional  burden  for  C14  was  54%  less  than  the 
estimated  new  production.  This  agrees  well  with 
the  unmeasured  C14  estimated  at  that  time.  It  is 
true  that  estimates  of  C14  production  may  not 
be  accurate  (with  up  to  ±50%  error  on  the 
absolute  scale).  But  if  we  consider  the  good 
agreement  in  1960  and  1961  as  the  normaliza- 
tion. then  the  discrepancies  in  1963  would  be 


I'igure  5.  Examples  of  the  estimated  latitudinal 
cross-sections  of  mean  seasonal  excessC14 
concentrations. 


more  real  than  not.  Furthermore,  this  agrees  well 
with  the  existence  of  a hidden  source,  which  we 
have  postulated  on  the  basis  of  completely 
different  reasoning. 

If  we  accept  this  hidden-source  hypothesis, 
then  the  trends  in  Figure  4 are  easily  explained. 
As  was  pointed  out  above,  Sr90  production 
is  proportional  to  the  fission  yield,  while  the 
C14  production  is  proportional  to  the  total 
yield.  For  the  1957-58  test  series,  it  was  esti- 
mated that  approximately  half  of  the  total  yield 
was  due  to  fission,  while  in  the  1961-62  test 
series  less  than  30%  of  the  total  yield  was  due  to 
fission  (Federal  Radiation  Council,  1963).  Since 
it  is  known  that  the  high-yield  tests  (i.e.,  those 
that  may  be  deposited  above  20  km)  are  espe- 
cially low  in  fission  yield,  we  would  expect  the 
cumulative  vertical  distribution  of  C14  to  be  dif- 
ferent from  that  of  Sr90.  Through  a careful 
tabulation  of  the  estimated  deposition  heights  of 
C14  and  Sr90  from  the  1961-62  tests,  taking  into 
account  the  relative  ratio  of  fission  and  fusion 
yields,  we  estimate  that  approximately  20%  more 
of  the  C14  was  above  20  km  than  was  the  case 
with  Sr90.  This  checks  well  with  the  estimated 
differences  in  the  missing  Sr90  and  C1 4 (31%  for 
Sr90  and  46%  for  C14)  (Machta  et  al.,  1963). 
With  a differentiated  high-altitude  hidden  source 
of  C14  for  the  1961-62  tests,  we  then  expect  the 
local  measurements  of  C14  to  show  a slower 
decay  rate.  On  the  other  hand,  the  1957-58  tests 
have  no  apparent  differentiation  in  production, 
and,  hence,  similar  local  decay  rates  forC14  and 
Sr90.  This  explains  Figure  4. 

It  is  also  well-known  that  the  estimated  C14 
global  burden  showed  a change  of  effective 
residence  time  (Telegadas,  1971)  while  Sr90  did 
not.  This  can  be  explained  by  the  difference 
in  loss  mechanisms  (characteristic  2 above). 
The  facts  that  tropospheric  C14  may  reenter  the 
stratosphere,  and  that  C14  has  an  estimated 
surface  loss  rate  of  only  20%  per  year  of  the  total 
tropospheric  burden,  argue  for  an  eventual  shift 
of  the  observed  stratospheric  residence  time  to 
that  of  the  tropospheric  residence  time.  All  of 
the  profiles  in  Figure  1 estimate  the  stratospheric 
residence  time  for  altitude  20-30  km  to  be  2-3 
years.  Hence,  by  1965  we  expect  a gradual  shift 
to  the  longer  tropospheric  residence  time  for 
C1 4 , about  5 years  (20%  yearly  loss  rate).  This  is 
in  qualitative  agreement  with  Figure  6. 

In  this  section  we  have  suggested  a hypoth- 
esis which  would  by  itself  explain  much  of  the 
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Figure  6.  Observed  effective  residence  times  for 
stratospheric  C14. 

observed  behavior  of  C14  and  Sr90.  Although 
the  evidence  is  somewhat  indirect,  it  is  based  on 
known  physical  processes.  Much  of  the  qualita- 
tive discussion  could  be  directly  tested  with  a 
multidimensional  global  model.  However,  this 
would  still  lack  conclusiveness,  since  these 
models  themselves  must  be  beyond  reproach. 
Nevertheless,  it  should  be  clear  that  there  exist 
well-founded  uncertainties  in  the  radionuclide 
data  such  that  the  data  alone  could  not  provide 
sufficient  evidence  to  determine  the  preferred 
parameterization  of  vertical  transport  in  the  1-D 
models. 

CONCLUSION 

We  have  discussed  some  of  the  major  uncer- 
tainties in  the  experimental  data  on  the  available 
stratospheric  tracers.  It  is  concluded  that  both 
the  chemical  tracers  and  the  radionuclides  cannot 
provide  sufficient  sensitivity  to  limit  the  uncer- 
tainty in  representing  1-D  vertical  transport  to 
within  a factor  of  two  or  three.  Consequently,  at 
present  we  must  accept  a factor  of  two  or  three 
as  the  uncertainty  in  the  model-predicted  strato- 
spheric ozone  perturbation.  Furthermore,  it  is 
also  apparent  that  greater  future  effort  should  be 
dedicated  to  the  quantitative  interpretation  of 
experimental  data,  with  clear  delineation  of  their 
global  implications. 
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ABSTRACT : The  ZAM2  zonal  climate  model  has  been  used  to  simulate  the  climatic  effects  of  several 
stratospheric  perturbations  proposed  in  the  CIAP  context.  Two  control  runs  are  being  carried  out  in 
order  to  clarify  the  effect  of  using  annual  average  solar  radiation  instead  of  seasonally  and  daily 
varying  solar  position.  Preliminary  perturbation  experiments  with  reduced  ozone,  increased  strato- 
spheric aerosol,  reduced  solar  constant,  and  increased  water  vapor  have  been  run  to  equilibrium  using 
annual  average  solar  radiation  at  each  latitude.  Reduced  ozone  leads  to  a surface  warming  (in  part 
because  the  effects  of  nitrogen  dioxide  absorption  of  solar  radiation  and  of  ozone  absorption  and 
reemission  of  infrared  radiation  are  not  included).  Increased  aerosol  and  an  approximately  equivalent 
-eduction  in  solar  radiation  lead  to  comparable  reductions  in  surface  temperature  and  an  unusually 
strong  effect  on  the  hydrologic  cycle.  Increased  stratospheric  water  vapor  results  in  slight  stratospheric 
cooling,  and  slight  surface  warming. 


INTRODUCTION  leading)  to  the  sign  of  the  simulated  climatic 

effect  being  different  in  different  models. 

Since  the  beginning  of  CIAP,  a primary  goal  As  a result,  conclusions  as  to  the  climatic 

has  been  the  development  of  reliable  estimates  of  change  which  might  result  from  SST  fleet  opera- 

the  climatic  effect  of  aerospace  utilization  of  the  tion  have  had  to  be  either  very  general  indica- 

stratosphere.  Development  of  such  estimates  has  tions,  or,  at  best,  estimates  with  broad  error  bars, 

proven  extremely  difficult  for  a nunlber  of  The  results  presented  here  must  be  viewed  in 

reasons.  First,  climate  is  a complex  phenomenon;  the  context  of  this  diversity  — I do  not  claim 

observed  climate  has  displayed  variations  over  all  they  are  the  result,  only  that  with  the  variety  of 

spatial  and  temporal  scales  that  have  been  processes  that  the  ZAM2  model  includes,  and  in 

studied.  And  we  have  very  little  understanding  of  the  fashion  that  it  treats  them,  these  are  the 

why  these  past  changes  occurred.  Second,  this  climatic  changes  which  the  model  is  indicating, 

complexity  manifests  itself  through  a wide  num-  Their  validity  relative  to  other  results  must  then 

ber  of  atmospheric  processes.  (The  investigation  be  judged  in  terms  of  the  processes  included, 

and  simulation  of  each  of  these  is  a subject  of  adequacy  of  treatment,  and  similar  other  factors, 

intensive  study  in  its  own  right.)  Combining  this 

variety  of  inadequately  understood  individual  MODEL  STRUCTURE 

processes,  from  radiation  to  convection,  from 

precipitation  to  large-scale  transport,  into  a single  The  basic  structure  and  validation  of  some 

model  poses  extremely  difficult  problems  of  of  these  processes  have  been  discussed  at  the  last 

both  a physical  and  a computational  nature.  Thus  two  CIAP  conferences  (MacCracken,  1973; 

we  have  seen  a diversity  of  modeling  approaches,  Luther  and  MacCracken,  1974).  The  ZAM2 

from  one  to  three  dimensions,  each  with  its  own  model  is  a two-dimensional  global  climate  model 

capabilities  and  limitations.  And  so  a third  with  a 10°  grid.  The  atmospheric  motions  are 

difficulty  comes  in  trying  to  interpret  the  diver-  treated  through  the  use  of  the  so-called  “primi- 

sity  of  results,  for  no  one  model  treats  the  whole  tive”  equations,  with  the  meridional  transport  of 

problem.  In  some  cases  this  has  led  (and  is  still  temperature  and  water  vapor  by  horizontal 


•Work  performed  under  the  auspices  of  the  U.S.  Energy  Research  and  Development  Administration  and  supported  in  part 
by  (he  Climatic  Impact  Assessment  Program.  U.S.  Department  of  Transportation. 
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eddies  simulated  with  Stone’s  formulation  in  the 
troposphere  and  Luther’s  prescription  in  the 
stratosphere.  Eddy-momentum  transport  is  repre- 
sented by  a simple  diffusion  approximation.  The 
atmospheric  processes  included  in  the  atmo- 
spheric calculations  are: 

• Solar  radiation  (ozone,  water  vapor, 
aerosol,  clouds,  earth's  surface) 

• Terrestrial  radiation  (water  vapor, 
clouds,  aerosol,  CO2,  surface) 

• Hydrologic  cycle  (evaporation,  clouds, 
convective  precipitation,  large-scale  pre- 
cipitation, snow,  reevaporation  of 
falling  rain) 

• Clouds  (convective,  layered  at  four 
levels) 

• Mean  meridional  transport  (vertical, 
latitudinal) 

• Eddy  transport  (vertical,  latitudinal, 
cross-term) 

• Convection  (temperature,  water  vapor) 

• Adiabatic  overturning. 

The  surface  at  each  latitude  is  divided  into 
land  (which  may  be  partly  mountains)  and 
oceans,  parts  of  each  of  which  may  be  snow- 
and/or  ice-covered.  The  lowest  layer  of  the 
atmosphere  is  differentiated  according  to  the 
underlying  surface  type.  The  processes  treated  at 
the  surface  include: 

• Sensible  heat 

• Evaporation 

• Terrestiial  radiation 

• Solar  radiation 

• Surface  energy  storage  (land  and  ocean) 

• Sea  ice  buildup  and  melting 

• Mountains  (obstruction,  full  surface  * 
treatment) 

• Albedo  variations 

• Meridional  ocean  transport. 

The  processes  in  both  the  atmosphere  and 
surface  are  highly  inter-coupled.  We  have  en- 
deavored to  validate  most  processes  separately 
(such  as,  for  example,  the  solar  and  longwave 
radiation).  Although  careful  examination  of  each 
of  the  simulated  processes  is  required  for  evalu- 
ation of  the  results,  in  the  time  available  I will 
only  be  able  to  contrast  model  results  for  the 
control  case  with  the  observed  atmosphere,  and 
then  show  the  results  of  some  of  our  simulations. 


SIMULATION  OF  THE 
OBSERVED  CLIMATE 

Before  a climate  model  is  used  to  study  the 
effects  of  perturbations  to  the  natural  climate,  it 
is  appropriate  to  compare  model  results  for  the 
control  case  with  the  observed  climate.  The 
ZAM2  model  is  being  run  in  two  modes  for  the 
control  climate. 

In  an  attempt  to  determine  whether  the 
model’s  climate  is  stable,  and  to  conserve  com- 
puter time,  the  first  mode  chosen  was  to  run 
with  annual  average  solar-  radiation  until  an 
equilibrium  climate  was  reached.  This  has  been 
accomplished,  and  the  model  has  not  tended 
toward  either  an  ice  age  or  a melting  of  the  ice 
caps.  Certain  of  the  results,  however,  do  not  — 
and  probably  should  not  be  expected  to  - 
correspond  very  closely  to  the  observed  climate. 

In  the  second  mode,  the  model  is  run  with 
seasonally  and  diurnally  varying  solar  radiation. 
Much  longer  simulations  are  required  to  achieve 
an  annual  equilibrium  than  when  the  annual 
average  sun  is  used.  We  are  just  beginning  these 
simulations,  but  they  seem  to  show  much  closer 
agreement  with  the  observed  climate  in  such 
variables  as  the  zonal  wind. 

With  that  preface,  let  me  show  some  results 
from  the  ZAM2  model  with  annual  average 
radiation  and  contrast  them  with  observations. 
The  atmospheric  temperature  field  is  shown  in 
Figure  1 , and  contrasted  with  observed  values  as 
compiled  by  Manabe  and  Hunt  (1968)  in  Figure 
2.  The  agreement  is  quite  good  except  in  the 
lower  polar  stratosphere,  where  the  model  pat- 
tern is  warmer  and  more  ragged.  The  tropical 
tropopause  temperature  minimum  is  in  excellent 
agreement  in  terms  of  both  height  and  value. 


^ON  6GN  30N  0 30S  60S  90S 

latitude 


Figure  1.  Control-run  temperature  (°K). 
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OBSERVED 
(Annuo I mean). 


OBSERVED 

(Annual  mean) 


Figure  2.  Observed  temperature  (°  K). 


Temperature 


Another  indication  of  the  temperature  struc- 
ture is  the  lapse  rate,  shown  in  Figure  3.  Figure  4 
shows  typical  values  based  on  observations  from 
Manabe  and  Hunt  (1968).  Again,  except  in  the 
lower  polar  stratosphere,  the  agreement  is 
excellent. 


Observed  lapse  rate,  from  Starr  and  col- 
laborators as  presented  by  Manabe  and 
Hunt  (1968). 


Control-run  water-vapor  mixing  ratio 
(gm/kg). 


Temperature 


Figure  3.  Lapse  rate  for  various  latitudes  (control. 
average  annual  sun). 


Water-vapor  mixing  ratio  is  another  impor- 
tant measure  of  climatic  behavior.  As  shown  in 
Figures  5 and  6,  agreement  with  the  tropospheric 
observations  from  Oort  and  Rasmusson  (1971)  is 
reasonably  good.  Other  measures  of  the  hydro- 
logic  cycle  include  the  precipitation  and  evapora- 
tion rates,  which  are  compared  to  values  from 


Observed  water-vapor  mixing  ratio  (gm/ 
kg),  from  Oort  and  Rasmusson  (1971). 
Southern  hemisphere  is  reflection  of 
northern-hemisphere  data. 
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Sellers  (1965)  in  Figures  7 and  8.  The  subtropical 
precipitation  minima  are  suppressed  in  the 
annual-average  version  of  ZAM2.  More  structure 
is  evident,  however,  in  the  early  results  from  the 
version  with  the  seasonally  varying  sun.  Figures  9 
and  10  contrast  model  values  of  cloudiness  and 
precjpitable  water  vapor  with  observations.  Again 
agreement  is  quite  good. 

The  model-generated  zonal-wind  field  from 
the  annual  average  model  does  not  agree 
particularly  well  with  observations  (Figures  11 
and  12).  There  are  early  indications  that  the 
seasonal  model  corrects  some  of  the  dis- 
crepancies, since  it  shows  both  equatorial  easter- 
lies and  mid-latitude  stratospheric  westerlies. 
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Figure  7.  Precipitation  rate. 
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Figure  8.  Evaporation  rate. 
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Figure  9.  Total  cloudiness  in  tenths. 
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Figure  10.  Precipitable  water  vapor. 
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Figure  11.  Control-run  zonal  wind.  Contours  are  10 
km/hr,  numerical  values  are  given  in 
m/sec.  Values  are  instantaneous;  average 
values  show  no  surface  easterlies  in 
northern-hemisphere  mid-Ijtitudes. 
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Figure  12.  Observed  zonal  wind  (m/sec).  Based 
largely  on  data  from  Starr  and  collabora- 
tors as  presented  by  Manabe  and  Hunt 
(1968). 
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Since  zonal  winds  do  not  participate  in  the 
transport  processes  in  the  model  (although  they 
are  a sensitive  measure  of  the  temperature 
pattern),  the  real  question  concerns  the  validity 
of  the  simulated  meridional-vertical  wind  struc- 
ture. In  contrast  to  observations,  the  annual 
average  model  tends  to  show  a single-Hadley-cell 
circulation  rather  than  the  observed  three-cell 
structure.  The  Ferrel  cell  should  perhaps  not  be 
expected  in  a zonal  model,  as  it  is  largely  a 
statistical  result  of  eddy  averaging.  In  a zonal 
model  it  is  more  appropriate  to  look  at  the  net 
effect  of  the  meridional  wind  pattern,  as  illus- 
trated by  the  components  of  the  meridional 
energy  transports.  Figure  1 3 contrasts  the  model 
results  with  annual  average  values  from  Sellers 
(1965).  The  total  transport  is  in  quite  good 
agreement.  It  can  be  seen  that  mean-motion 
advection  dominates  in  low  latitudes  and  eddy 
transport  in  mid-  and  high  latitudes. 

Global  energy-balance  components  are  also 
important  variables  to  compare  with  observa- 
tions, as  shown  in  Tables  1 and  2.  The  model’s 
planetary  albedo  is  lower  than  Sellers’  value  (the 
latter  is  not  confirmed  by  satellite  evidence, 
which  indicates  about  0.30)  and  lower  than  the 
more  recent  estimates  given  in  the  NAS/NRC 
study  (NAS/NRC,  1974).  This  is  in  part  due  to 
the  fact  that  annual  average  solar  radiation 
restricts  the  growth  of  seasonal  snow  cover  at 
high  latitudes.  The  lower  albedo  leads  primarily 
to  an  increase  in  intensity  of  the  hydrologic  cycle 
over  that  observed. 

As  I indicated  earlier,  these  results  come 
from  our  model  with  annual-average  solar  radia- 
tion. We  expect  to  have  a control  case  with  sea- 
sonal and  diurnal  sun  soon,  which  may  clear  up 

Table  1 . Global  Surface-Energy-Balance  Components 
(normalized  so  solar  input  = 100),  Control 
Run.  Positive  values  indicate  surface  energy 
gain. 


Component 

ZAM2 

Sellers 

NRC/NAS 

Sensible 

-5 

-5 

-7 

Evaporation 

-28 

-22 

-23 

Longwave 

-22.5 

-20 

-21 

Solar 

55.5 

47 

51 

Net 

0 

0 

0 

a.  Control  run. 


b.  Atmospheric  portion  of  control  run. 


lofitud*  — deq 

c.  Observed  whies  (from  Sellers,  1965). 
Figure  1 3.  Meridional  energy-flux  components. 
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Table  2.  Global  Atmospheric-Energy-Balance 
Components  (normalized  so  solar 
input  = 100),  Control  Run.  Positive 
values  indicate  atmospheric  energy 
gain. 


reduction  in  the  solar  constant  in  order  to 
facilitate  comparison  with  other  model  experi- 
ments which  have  been  interpreted  as  applicable 
to  the  problem  of  increased  aerosol.  Remember 
that  each  run  used  the  annual-average-solar- 


Component 

ZAM2 

Sellers 

NRC/NAS 

radiation  version  of  ZAM2.  Steady  state  has 

Solar  absorption 

16.5 

17 

19 

essentially  been  achieved  in  each  case.* 

First,  Figures  14  and  15  show  the  departure 

Longwave  to 
space 

-72 

-64 

-70 

from  the  control  run  of  surface  temperature  and 
of  lowest-layer  air  temperature  as  a function  of 

Latent  heat 
release 

Longwave  from 
surface 

28 

22.5 

22 

20 

23 

21 

latitude,  averaged  over  surface  type,  for  the 
various  cases.  Note  that  the  surface-temperature 
patterns  are  reasonably  consistent,  with  increas- 
ing stratospheric-aerosol  loading  resulting  in  de- 
creasing temperatures.  The  effects  appear  to  be 

Sensible  from 
surface 

5 

5 

7 

generally  larger  and  more  irregular  at  the  poles 
than  at  lower  latitudes.  The  extreme  variations  at 
70°N  were  due  to  formation  of  snow  cover  on 

Net 

0 

0 

0 

land  at  sea  level  where  none  existed  in  the 

Diffuse  reflected 
to  space  (albedo) 

28 

36 

30 

control  run.  It  is  interesting  that  there  seems  to 
be  a warming  on  the  mid-latitude  edge  of  the 

some  of  the  discrepancies.  But,  overall,  we 
believe  the  annual-average  version  is  simulating 
the  observed  energy,  thermal,  and  hydrologic 
structure  reasonably  well,  and  can  be  used  to 
investigate  stratospheric  perturbations  in  a pre- 
liminary way. 

CLIMATIC  EFFECT  OF 
STRATOSPHERIC  AEROSOLS 

In  order  to  investigate  the  effect  of  strato- 
spheric aerosols  we  have  run  model  simulations 
with  zero  (Ox),  one  (1  x),  two  (2x),  and  four  (4x) 
times  the  normal  global  mass  loading  of  aerosol, 
where  normal  is  taken  to  be  0.43  n g/cm2  in  the 
pressure  interval  from  75  to  150  mb.  The  aerosol 
is  assumed  to  have  a real  index  of  refraction  of 
1.45  and  an  imaginary  part  of  -0.005  (which  is 
mildly  absorbing).  ZAM2  incorporates  parametri- 
cally the  effective  aerosol  properties  (backscatter, 
forescatter,  and  absorption)  calculated  with  the 
detailed  spectral  solar-radiation  model  of  Braslau 
and  Dave  (1973)  as  modified  by  Luther  (1974a). 
In  the  long-wave  regime,  we  use  an  analytic 
expression  based  on  the  small-optical-depth  limit 
to  determine  an  emissivity,  assuming  the  aerosol 
layer  acts  as  a blackbody  (Luther,  1974b).  The 
aerosol  simulations  are  compared  to  a simulation 
which  has  normal  aerosol  loading  with  a 1% 


Loti  tod* 

Figure  14.  Change  in  surface  temperature,  perturbed 
run  minus  control  run. 


•In  looking  at  the  results,  it  should  be  noted  that  the 
model  results  give  precise  numbers.  The  fact  that 
several  significant  figures  are  given  does  not  imply  the 
same  accuracy  in  predicting  how  the  real  climate  will 
respond. 
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cooling  polar  regions.  This  seems  to  be  correlated 
with  decreased  cloudiness  and  planetary  albedo, 
as  shown  in  Figures  16  and  17.  These  in  turn 
seem  to  result  from  the  decreased  evaporation  in 
mid-latitudes,  as  shown  in  Figure  18.  Precipita- 
tion has  also  decreased  in  a similar  pattern 
(Figure  19). 

A smoother  measure  of  tropospheric  temper- 
ature change  is  the  600-mb  temperature  change 
(Figure  20).  For  the  zero-aerosol  case,  the 
exaggerated  polar  effect  is  obvious.  In  the 


Figure  17.  Change  in  planetary  albedo,  perturbed  run 
minus  control  run. 


Figure  15.  Change  in  surface-layer  air  temperature, 
perturbed  run  minus  control  run. 


Figure  18.  Change  in  evaporation  rate,  perturbed  run 
minus  control  run. 


Figure  19.  Change  in  precipitation  rate,  perturbed 
run  minus  control  run. 


increased -aerosol  cases,  with  the  polar  tempera- 
ture inversion,  there  seems  to  be  little  change.  In 
the  lower  stratosphere,  the  temperatures  in  the 


Figure  16.  Change  in  cloud  cover,  perturbed  run 
minus  control  run. 
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aerosol  layer  tend  to  increase  up  to  about  4K  for 
the  case  of  four-times  aerosol  loading. 


Figure  20.  600-millibar  temperature  difference,  per- 
turbed run  minus  control  run. 


In  terms  of  the  pattern  of  meridional  energy 
transport,  ZAM2  leads  to  a dramatic  change, 
with  generally  reduced  poleward  fluxes  in  regions 
where  a general  cooling  has  occurred  (Figure  21). 
In  the  northern  polar  regions  some  shifting  has 
gone  on  due  to  the  change  in  latitude  of  the 
snow  limit. 


Figure  21.  Changes  in  atmospheric  sensible-plus- 
latent-heat  meridional  fluxes,  perturbed 
run  minus  control  run. 


To  measure  the  global  effects  of  strato- 
spheric aerosols  we  can  look  at  various  factors  on 
a global  basis,  recognizing  that  this  hides  large 
latitudinal  variations. 


Surface  energy  balances  (Table  3)  show  that 
increased  aerosol  loading  leads  to  less  sensible- 
heat  loss  and  less  evaporation  from  the  surface 
with  increased  net  loss  from  long-wave  radiation. 
(This  is  because,  although  the  surface  is  cooler, 
there  is  less  back  radiation  since  there  is  less 
water  vapor  in  the  atmosphere.)  Solar  radiation 
absorbed  by  the  surface  (even  with  a reduced 
solar  constant)  was  essentially  unchanged.  This  is 
due  in  part  to  the  decreased  water  vapor  in  the 
atmosphere.  Note  that  for  the  four-times  aerosol 
case,  solar  absorption  at  the  surface  was  almost 
identical  to  that  in  the  control  case;  the  de- 
creased amount  of  water  vapor  and  the  slightly 
reduced  cloudiness  compensated  for  the  aerosol 
obstruction. 


Table  3.  Global  Surface-Energy-Balance  Components 
(normalized  so  solar  input  = 100) 


Component 

OX 

tx 

2X 

1%» 

4X 

Sensible 

4.72 

4.78 

4.59 

4.54 

4.50 

Evaporation 

-28.33 

-28.08 

-28.04 

-27.52 

-27.05 

Longwave 

-22.43 

-22.62 

-22.72 

-23.65 

-24.05 

Solar 

55.50 

55.49 

55.24 

55.60 

55.49 

Net** 

+0.02 

+0.01 

-0.11 

-0.11 

-0.11 

•Normalized  to  full  solar  constant 
♦•Includes  trend  and  round-off  error 

Atmospheric  energy  balances  (Table  4) 
showed  less  latent-heat  release  and  reduced  solar 
absorption  (the  aerosol  backscatter  and  lessened 
amount  of  water  vapor  more  than  balanced  the 
absorption  by  the  aerosol  layer).  The  long-wave 
loss  to  space  was  virtually  unchanged  even 
though  the  surface  long-wave  radiation  loss  was 
increased.  The  planetary  albedo  stayed  very 
nearly  constant  (up  about  0.002  in  the  2x  and  4x 
cases). 

The  water-budget  components  showed 
rather  dramatic  results.  Precipitation  was  down 
3.6%  for  the  4x  case,  and  precipitable  water  was 
down  10.2%.  Cloudiness  decreased  almost  1.5%. 
mostly  in  high  latitudes,  in  both  the  4x  and  the 
reduced-solar-constant  cases.  Thus  the  hydrologic 
cycle  seems  to  react  strongly,  and  tends  to 
diminish  the  temperature  changes  induced  by  the 
aerosol  layer  through  reduced  cloudiness. 
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Table  4.  Global  Atmospheric-Energy-Balance 
Components  (normalized  so  solar 
input  = 100) 


Table  5.  Change  in  Global  Average  Surface 
Temperature 


Components 

OX 

IX 

2X 

1%* 

4X 

Solar 

absorption 

16.57 

16.52 

16.54 

16.13 

16.32 

Longwave 
to  space 

-72.21 

-72.02 

-72.02 

-71.96 

-72.01 

Latent  heat 
release 

28.39 

28.09 

28.07 

27.55 

27.08 

Longwave 
from  surface 

22.43 

22.62 

22.72 

23.65 

24.05 

Sensible 
from  surface 

4.72 

4.78 

4.59 

4.54 

4.50 

Net" 

-0.10 

-0.01 

-0.11 

-0.20 

-0.26 

Diffuse  reflected 
to  space  (albedo) 

27.9 

28.0 

28.2 

27.5 

28.2 

'Normalized  to  full  solar  constant 
"Includes  trend  and  round-off  error 


Run 

Temperature 
Difference 
from  Control 

Sensitivity  Ratio* 
Global  Range 

Average  Low  High 

OX 

+0.293 

73 

5 

225 

IX 

0 

- 

- 

- 

2X 

-0.188 

47 

5 

145 

1% 

-0.424 

42 

-200 

610 

4X 

-0.969 

81 

-180 

605 

3%" 

4.73 

158 

65 

665 

10X" 

-5.86 

163 

105 

610 

'For  comparison  with  solar-constant  (o)  calculations 
where  background  aerosol  loading  (0.43  ug/cm2) 
is  assumed  to  be  equivalent  to  an  =*0.4%  reduction  in 
solar  constant  (A a)  on  the  basis  of  simple  calculations 
from  Luther.  Sensitivity  ratio  = aT/(A  o/o). 

"Runs  made  earlier. 
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reduced  atmospheric  absorption  of  solar  radi- 
ation, and  less  back  radiation  to  the  'surface.  In 
the  long-wave,  the  increased  planetary  loss  that 
might  be  expected  due  to  reduced  atmospheric 
water  content  and  cloudiness  is  apparently 
limited  by  both  the  aerosol  layer  and  reduced 
atmospheric  temperatures. 

As  summarized  in  Table  5,  the  net  effect  on 
surface  and  sea-level  atmospheric  temperatures  is 
less  than  seems  to  result  from  the  Sellers  model 
(which  has  no  hydrologic  cycle)  and  the  radi- 
ative-convective and  GFDL  models  (which  have 
fixed  cloudiness)  as  reported  in  CIAP  Monograph 
4 (1975).  Two  additional  early  ZAM2  simula- 
tions, with  a 3%  solar-constant  reduction  and 
ten-times-normal  aerosol  loading  are  also 
included. 

It  is  very  difficult  to  decide  in  which  model 
and  which  answer  one  should  place  the  most 
confidence.  Not  only  must  one  weigh  heavily  the 
effects  of  dimensionality  and  of  representation 
of  transport  and  radiation  processes,  but,  as 
shown  by  the  ZAM2  results,  the  hydrological 
cycle,  clouds,  and  convective  processes  are  also 
very  important.  And  we  all  still  have  a long  way 
to  go  before  we  can  model  these  processes 
satisfactorily  in  global  models. 


On  the  basis  of  these  simulations,  it  seems 
apparent  that  increased  stratospheric  aerosol 
loading  and  a reduced  solar  constant  both  lead  to 
surface  coolings  of  similar  extent  when  reason- 
able equivalences  are  used.  But  the  sensitivity  of 
the  climate  to  specific  aerosol  amounts  is  not  yet 
certain. 

OZONE  REDUCTION 

In  addition  to  the  aerosol  simulations,  we 
have  treated  one  case  of  ozone  reduction.  The 
total  global  reduction  and  the  pattern  of  the 
percentage  reduction  in  the  vertical  was  taken 
from  Chang’s  (1974)  one-dimensional  model 
results  for  SST’s  at  21  km  (Figure  22).  The 
latitudinal  pattern  of  the  reduction  is  taken  from 
Cunnold’s  (1974)  study  using  the  MIT  model 
(Figure  23).  Both  simulations  assumed  the 
equivalent  of  the  Boeing  500-plane  SST  fleet. 
Due  to  some  differences  in  amount  of  natural 
ozone  and  normalization  considerations,  our 
study  ended  up  treating  an  1 1 .7%  global  average 
reduction  in  ozone  (Chang  had  11.1%). 

The  ZAM2  model  does  not  yet  include 
either  solar  absorption  by  N02  or  long-wave 
emission  by  ozone,  both  important  processes 
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Global  average  pattern 
of  ozone  reduction 


ZAM2  in  the  near  future.  Our  model  does  in- 
clude, however,  the  very  important  effect  of  re- 
duced ozone  on  the  albedo,  which  was  virtually 
ignored  until  Luther  pointed  it  out  a little  more 
than  six  months  ago,  and  which  also  seems  to  be 
a factor  that  can  control  the  sign  of  the  effect. 

The  global-average  surface  and  sea-level  air 
temperatures  in  the  ZAM2  simulation  increased 
about  0.24K,  with  mid-latitude  northern- 
hemisphere  temperatures  increasing  by  about 
twice  the  global  average  (Figure  24).  Global- 
average  temperatures  in  the  stratosphere  de- 
creased on  the  average  between  about  0.5  to 
1.5K  depending  on  latitude  and  altitude,  with 
values  exceeding  2K  common  in  the  northern- 
hemisphere  stratosphere. 


Figure  22.  Global-average  pattern  of  ozone  reduction. 


Figure  24.  Change  in  surface  tern  erature,  perturbed 
ozone  run  minus  control  run. 


1 


Latitude 


Figure  23.  Latitudinal  pattern  (normalized  to  40°N) 
of  ozone  reduction. 


which  radiative-convective  models  indicate  may 
change  the  sign  of  the  result  when  ozone  is 
reduced.  We  expect  to  include  these  effects  in 


In  terms  of  the  global  integrals,  the  plane- 
tary albedo  decreased  slightly.  This  is  because  a 
slight  reduction  in  cloudiness  more  than  com- 
pensated for  the  albedo  increase  expected  from 
the  ozone  decrease  alone.  This  cloudiness 
decrease,  in  turn,  seemed  to  result  from  the 
increased  convection  induced  by  increased  udi- 
ation  and  a steeper  lapse  rate,  and  from  some 
latitudinal  redistribution  of  clouds  in  various 
layers.  It  occurred  despite  increased  precipitable 
water  vapor  (1.6%),  increased  precipitation 
(0.6%),  and  a longer  water-vapor  residence  time 
in  the  atmosphere  (0.9%).  The  increased  water 
vapor  did  not  compensate  for  the  decreased 
ozone  absorption  of  solar  energy,  with  total 
atmospheric  absorption  of  solar  energy  dropping 
1.25%. 

Thus,  again,  as  for  aerosols,  the  treatment  of 
the  hydrologic  cycle  is  of  crucial  importance  in 
ozone-perturbation  studies.  Radiative-convective 
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models  which  fix  the  clouds,  fix  the  relative 
humidity,  or  fix  other  parts  of  the  hydrologic 
cycle  may  thus  give  misleading  answers,  as  may 
ZAM2  by  leaving  out  some  processes.  1 think  all 
we  can  say  is  that  a reasonable  ozone  reduction  is 
likely  to  cause  a temperature  change  of  a few 
tenths  of  a degree  - and  the  sign  of  the  effect  is 
not  yet  clear. 


WATER-VAPOR  PERTURBATION 

Finally,  we  have  used  ZAM2  to  simulate  in  a 
very  simple  way  the  effects  of  a 1-ppm  increase 
in  water-vapor  mixing  ratio  above  150  mb, 
treating  the  effects  only  through  the  interaction 
with  the  solar  and  long-wave  radiation 
calculations. 

The  resulting  effects  were  quite  small.  The 
global-average  surface  temperature  increased 
0.094K.  Temperatures  throughout  the  tropo- 
sphere also  increased  about  a tenth  of  a degree. 
Stratospheric  temperatures  dropped  about  0.2K, 
except  in  some  regions  just  above  the  tropopause 
where  the  reduction  was  a little  more  than  a 
degree.  From  the  heating  rates,  it  is  evident  that 
the  change  in  long-wave  cooling  caused  by  the 
increased  water  vapor  is  almost  a hundred  times 
larger  than  the  additional  solar  heating  which  is 
induced. 

The  net  effect  on  planetary,  atmospheric, 
and  surface  energy-balance  components  is  very 
small.  For  example,  the  albedo  increases  by  a few 
hundredths  of  a percent,  and  cloudiness  changes 
by  less  than  0.001%.  The  precipitable  water 
increases  about  0.5%  because  of  the  warmer 
tropospheric  temperatures,  but  the  relative 
humidity  is  essentially  unchanged. 

SUMMARY 

The  ZAM2  model  has  been  applied  to 
aerosol,  ozone,  and  water-vapor  perturbations. 
From  the  aerosol  and  ozone  calculations  it  is 
clear  that  the  atmospheric  hydrologic  cycle  plays 
an  important  role  in  determining  what  the  net 
effect  is  likely  to  be.  Because  no  climate  models 
are  generally  agreed  to  represent  convection, 
cloudiness,  water  vapor,  and  the  rest  of  the 
hydrologic  cycle  particularly  realistically,  it 
seems  clear  that  the  uncertainty  of  what  the 
climatic  effects  would  be  in  the  real  atmosphere 
may  still  be  quite  large.  I might  add  that  while 


incorporating  a large  number  of  feedback  mecha- 
nisms in  a complex  model  is  nice  in  principle,  in 
practice  it  poses  many  difficult  problems  in 
interpretation  and  the  need  for  extensive  sensi- 
tivity studies.  Because  of  these  and  other  oft- 
repeated  caveats,  the  results  of  the  ZAM2 
model,  and  all  other  present  models,  should  be 
viewed  primarily  as  indications  of  the  range  of 
the  likely  effects,  not  absolute  indicators. 
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ABSTRACT : This  paper  deals  with  two  general  topics.  The  first  is  a prescription  for  the  design  of  a 
climate  model  that  combines  an  internal  statistical  and  an  external  dynamical  component.  The 
theoretical  basis  for  making  such  a separation  is  a somewhat  special  definition  of  climate,  which  is 
discussed  at  some  length.  The  external  dynamical  model  is  like  traditional  general-circulation  models 
in  using  deterministic  equations;  the  internal  statistical  model,  however,  is  based  on  statistical- 
hydrodynamical  equations  for  the  evolution  of  statistical  moments. 

The  second  topic  is  the  logical  statistical  consequence  of  the  well-known  limited  predictability  of 
the  weather  as  it  relates  to  the  predictability  of  the  climate.  The  problem  is  described  in  terms  of  a 
signal  of  possibly  predictable  climate  change,  as  compared  to  the  noise  coming  from  unpredictable 
weather  fluctuations. 


This  paper  describes  a personal  view  of  the 
approach  to  the  design  of  a cliniate  model.  As 
such,  it  contains  much  conjecture  about  future 
developments  which  will  perhaps  be  proved  false, 
but  some  definite  position  must  be  taken  as  a 
starting  point  for  discussion. 

DEFINITION  OF  CLIMATE 

Before  the  design  of  a numerical  model  of 
climate  is  discussed,  it  is  necessary  to  be  as 
precise  as  possible  in  the  definition  of  the  word 
“climate”.  We  generally  think  of  climate  as  the 
average  behavior  of  the  land-ocean-atmosphere 
system  over  relatively  long  times,  rather  than  the 
detailed  daily  fluctuations  that  we  call  the 
weather.  The  main  problem  of  definition  is 
making  precise  the  dividing  line  between  weather 
and  climate.  On  the  basis  of  recent  results  of 
computer  experiments  on  the  predictability  of 
the  weather,  we  might  somewhat  arbitrarily  set 
the  dividing  time  scale  at  two  weeks.  Climate 
should  not,  however,  be  defined  in  terms  of 
two-week  time  averages,  for  these  would  retain  a 
large  and  unpredictable  noise  component  from 
the  weather  fluctuations.  Instead  we  must  try  to 
make  another  division  into  what  I shall  call  an 
internal  system  (say,  the  atmosphere)  charac- 


terized by  relatively  rapid  fluctuations,  which  is 
embedded  in  an  external  system  (including,  say, 
the  ocean)  that  provides  relatively  slowly 
changing  external  influences  on  the  internal 
system.  We  may  then  define  the  climate  in  terms 
of  averages  over  an  imagined  ensemble  of  internal 
states  which  is  in  equilibrium  with  the  slowly 
changing  external  influences.  The  internal  en- 
semble consists  of  a myriad  of  atmospheric 
states,  all  under  the  influence  of  the  same 
external  conditions  of  sea-surface  temperature, 
ice  cover,  solar  radiation,  etc.  Such  a definition, 
familiar  from  classical  statistical  mechanics,  pro- 
vides theoretically  well-defined  ensemble  aver- 
ages free  from  the  statistical  fluctuations  of  any 
individual  realization.  The  ergodic  presumption  is 
that  the  ensemble  averages  would  be  equal  to 
individual  time  averages  over  infinite  time  under 
constant  external  conditions.  Yet  we  may  con- 
sider ensemble  averages  changing  in  response  to 
changing  external  conditions  on  a finite  time 
scale,  and  be  able  to  speak  of  climate  change. 

The  boundary  between  the  internal  and  the 
external  systems  is  itself  hard  to  define  precisely. 
A dry  land  surface  with  its  rapidly  changing 
temperature  should  certainly  be  considered  as 
part  of  the  internal  system,  and  most  of  the 
ocean  as  part  of  the  external  system,  but  we  are 
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less  certain  about  land  moisture,  or  fluctuating 
snow  cover,  or  ocean  surface  layers.  However,  in 
any  particular  numerical  model  used  specifically 
for  short-range  weather  prediction,  a distinction 
is  always  made  between  the  internal  system 
variables,  computed  by  the  model,  and  the 
external  system  variables,  for  which  it  is  con- 
sidered adequate  that  values  be  specified  and  not 
depend  on  the  internal  state.  Although  somewhat 
different  choices  are  made  in  different  models, 
any  such  choice  can  also  serve  to  define  internal 
and  external  systems  so  far  as  climate  is 
concerned. 

THE  CLIMATE  ENSEMBLE 

We  are  defining  the  climate  in  terms  of  an 
ensemble  of  internal  states,  so  that  all  internal 
climatic  properties  are  determined  by  the  prob- 
ability distribution  of  the  climate  ensemble.  For 
a fixed  external  state  we  assume  that  there  is  a 
single  stationary  ensemble  toward  which  any 
other  ensemble  tends  with  time.  Without  such  an 
assumption  (which  may,  of  course,  be  false)  we 
cannot  speak  of  the  climate  associated  with  any 
given  external  state.  We  shall  need,  in  fact,  the 
somewhat  stronger  assumption  that  for  any  given 
history  of  external  state  changes  there  is  a unique 
history  of  associated  climate  ensembles  toward 
which  any  other  ensemble  history  tends  with 
time.  The  most  obvious  example  of  this  more 
general  situation  is  given  by  the  annual  cycle  of 
solar  heating,  which  leads  by  our  assumption  to  a 
unique  annual  climate  cycle,  other  external 
influences  being  unchanged.  We  expect  that  at 
any  point  in  time  the  climate  ensemble  associ- 
ated with  a given  history  will  be  similar  but  not 
identical  to  that  corresponding  to  the  current 
external  state  treated  as  stationary. 

There  are,  of  course,  important  feedback 
mechanisms  by  which  the  internal  system  can 
influence  the  evolution  of  the  external  state,  and 
here  we  are  forced  to  make  a crucial  approxima- 
tion if  we  are  to  separate  the  two  systems.  We 
shall  assume  that  the  time  scale  of  internal 
system  behavior  is  so  much  shorter  than  that  of 
the  external  system  that  we  may  use  internal 
averages  over  intermediate  times  for  computing 
the  feedback  influences,  and.  further,  that  we 
may  approximate  such  time  averages  by  en- 
semble averages.  (The  errors  of  so  doing  will  be 
discussed  in  a later  section.)  We  shall  assume 


therefore  that  the  external  state  history  is  de- 
pendent at  most  on  the  statistical  properties  of 
the  internal  climate  ensemble,  and  not  on  the 
detailed  properties  of  an  individual  realization. 

The  problem  of  designing  a numerical  model 
of  climate  change  therefore  becomes  twofold. 
First,  we  must  devise  a statistical  model  for  the 
internal  system  that  will  provide  reliable  informa- 
tion on  at  least  the  first  and  second  moments  of 
the  climate  ensemble,  and  second,  we  must 
devise  a dynamical  model  of  those  parts  of  the 
exterior  system,  such  as  the  ocean  circulation 
and  snow  and  ice  cover,  that  are  influenced  by 
the  average  behavior  of  the  internal  system  as 
given  by  its  statistical  model.  It  will  be  the 
coupling  of  these  two  submodels  that  will  pro- 
vide a complete  numerical  model  for  studying 
climate  change. 

THE  INTERNAL  SYSTEM 

The  most  ambitious  models  of  the  internal 
system  constructed  to  date  have  been  the  atmo- 
spheric general-circulation  models  (GCM’s). 
These  have  not  been  statistical  models  as  such, 
but  rather  dynamical  models  following  individual 
realizations,  from  which  statistical  information 
has  been  extracted  by  time-averaging.  Such 
models  have  been  run  for  simulated  times  of  the 
order  of  a year,  at  great  expense  in  computer 
time,  and  are  proving  to  be  quite  successful  in 
their  ability  to  reproduce  the  observed  first-  and 
second-moment  statistics  of  the  real  atmosphere. 

A statistical  model  of  the  atmosphere  is  used 
in  order  to  avoid  the  laborious  computation  of  a 
rapidly  changing  individual  realization  by  com- 
puting directly  the  slowly-changing  moment 
statistics  characterizing  the  climate  ensemble.  A 
statistical  model  is  usually  approached  through  a 
moment-expansion  procedure  based  on  the 
underlying  dynamics  equations,  and  here  one 
runs  up  against  the  closure  problem.  The  qua- 
dratic nonlinearity,  arising  in  particular  from  the 
advection  terms  in  the  dynamics  equations,  leads 
to  a dependence  of  the  evolution  of  the  moments 
of  a given  order  on  the  value  of  moments  of  one 
higher  order.  We  must  close  this  otherwise 
infinite  hierarchy  of  moment  equations  by 
making  a closure  approximation  which  relates  a 
moment  of  some  order  to  others  of  lower  order. 

A simple  approach  to  this  problem  has  been 
to  seek  a closure  after  the  first  moment  (or  mean 
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equations  for  the  atmosphere)  by  relating 
second-moment  quantities  (such  as  eddy  trans- 
ports) to  first-moment  quantities  (such  as  mean 
temperature  gradients)  through  various  combina- 
tions of  ingenuity,  physical  intuition,  and  empiri- 
cism. This  approach,  sometimes  called  parameter- 
ization, has  been  seriously  complicated  by  the 
somewhat  two-dimensional  nature  of  the  atmo- 
sphere with  its  associated  counter-gradient  eddy 
transports,  but  it  has  led  already  to  a number  of 
reasonable  statistical  models,  while  closure  on 
the  next  higher  level  is  still  under  development. 

The  closure  problem  on  a higher  level  has 
been  dealt  with  at  some  length  for  the  far  simpler 
but  analogous  problem  of  devising  a statistical 
model  for  solutions  of  the  Navier-Stokes  equa- 
tions, that  is,  for  turbulence  models.  For  the 
simplest  possible  case  of  homogeneous  isotropic 
turbulence,  both  two-  and  three-dimensional, 
there  now  exist  closures  after  the  second- 
moment  equation  in  spectral  representation  that 
have  been  compared  to  direct  numerical  simula- 
tions and  found  to  be  reasonably  good.  Prom- 
ising results  have  also  been  obtained  for 
three-dimensional  inhomogeneous  turbulence  in 
a grid-point  representation  with  equations  for  the 
evolution  of  local  second  moments.  But  much 
remains  to  be  done  to  convert  these  simple 
results  for  turbulence  into  a reliable  closure 
scheme  for  a statistical  model  of  the  atmosphere. 

The  essential  problem  in  devising  a model 
for  the  climate  ensemble  is  not  that  we  do  not 
know  what  the  underlying  probability-evolution 
equations  are,  but  rather  that  we  must  find  the 
best  approximate  solutions  to  these  equations 
with  the  limited  computing  power  available  to 
us.  A key  question  therefore  is  how  few  degrees 
of  freedom  N are  needed  to  describe  the  climate 
adequately.  There  are  several  reasons  to  believe 
that  this  may  be  of  order  N = 100  rather  than  the 
100,000  found  in  some  full-fledged  GCM’s.  For 
example,  studies  with  empirical  orthogonal- 
function  expansions  have  been  able  to  account 
for  most  of  the  observed  variance  of  the  tempera- 
ture and  geopotential  height  fields  with  about 
100  functions,  and  it  is  known  that  most  of  the 
horizontal  eddy  transport  is  effected  by  the 
largest  scales  of  motion.  The  use  of  the  smallest 
possible  N is  particularly  important  in  schemes 
that  include  equations  for  second  moments  of 
which,  in  general,  there  are  N(N+l)/2.  Although 
the  second-moment  matrix  for  any  particular 


ensemble  could  be  diagonalized  (reducing  the 
number  of  non-zero  elements  to  N)  by  the  use  of 
an  empirical  orthogonal-function  base,  we  cannot 
count  on  its  remaining  in  diagonal  form  when  we 
are  studying  climate  change.  Incidentally,  the 
reason,  that  the  turbulence  problem  has  been  so 
relatively  tractable  is  that  the  symmetries  of 
homogeneity  and  isotropy  have  tremendously 
reduced  the  number  of  equations  involved. 


THE  EXTERNAL  SYSTEM 

Most  aspects  of  the  design  of  a dynamical 
model  of  the  external  system  are  quite  straight- 
forward, and  have  been  considered  at  length  in 
the  design  of  GCM’s.  The  treatment  of  snow  and 
ice,  for  example,  involves  relatively  simple 
budget  equations.  The  greatest  practical  problem 
seems  to  be  posed  by  the  proper  design  of  an 
ocean-circulation  model.  What  is  needed,  of 
course,  is  a dynamical  model  for  the  slowly 
evolving  ocean  circulation  that  in  many  ways  is 
analogous  to  an  atmospheric  model.  But  de- 
signing a model  of  the  circulation  for  the  ocean  is 
far  more  difficult  than  designing  one  for  the 
atmosphere,  because  of  the  far  greater  range  of 
important  space  and  time  scales.  Important 
transport  is  carried  in  narrow  boundary  currents, 
the  Rossby  deformation  scale  is  smaller  so  that 
relatively  more  kinetic  energy  is  found  at  the  100 
km  scale  than  in  the  atmosphere,  and  there  seems 
to  be  a continuum  of  important  time  scales  from 
weeks  in  the  surface  layers  to  millennia  in  the 
abyss.  Unfortunately,  there  seems  to  be  no  way 
to  avoid  the  necessity  for  an  ocean  model  as  part 
of  a climate  model.  It  is  known,  for  example, 
that  the  poleward  heat  transport  in  the  oceans  is 
as  important  to  the  global  energy  balance  as  that 
in  the  atmosphere,  and  also  that  the  ocean 
surface  temperature  is  a dominant  external  influ- 
ence, through  sensible  and  latent  heat  transfer,  in 
determining  the  behavior  of  the  atmosphere. 

Although  other  aspects  of  the  physical  inter- 
action between  the  internal  and  external  systems 
require  further  refinement,  none  of  them  seems 
to  pose  specifically  numerical  problems  as  severe 
as  those  of  an  ocean  model.  The  treatment  of 
solar  and  terrestrial  radiation  transfer,  for 
example,  is  quite  reliable  already  in  clear  air; 
aerosols  present  more  of  a problem  here,  espe- 
cially the  most  common  and  erratic  aerosol  of 
all,  made  up  of  cloud  water  droplets. 
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PRESENT  AND  FUTURE  MODELS 

The  simplest  climate  models  have  involved 
only  a few  degrees  of  freedom  and  have  been 
used  to  describe  the  globally  averaged  heat 
balance.  Important  as  these  have  been  in  estab- 
lishing gross  constraints,  they  are  unsatisfying  in 
their  lack  of  detail.  The  next  level  of  complexity 
is  found  in  zonally  symmetric  models,  in  which  it 
is  assumed  that  climate  statistics  are  homo- 
geneous in  the  longitudinal  direction.  Most  pres- 
ent zonal  models  involve  closure  after  the  first 
moment  or  mean  equations,  and  a natural  direc- 
tion for  future  work  is  the  extension  of  these  to 
include  equations  for  the  evolution  of  second 
moments,  such  as  eddy  kinetic  energy  and  eddy 
poleward  transport.  It  may  turn  out,  however, 
that  the  improvement  arising  from  such  a higher- 
level  closure  will  not  be  great  enough  to  be  worth 
the  extra  computation,  considering  the  inherent 
limitations  in  zonal  models. 

It  seems  unlikely  that  a climate  model  will 
be  truly  satisfactory  unless  it  can  describe  the 
inhomogeneous  climate  arising  from  con- 
tinentality  and  non-zonal  ocean  surface  tempera- 
tures. Our  goal,  then,  should  be  the  construction 
of  a three-dimensional  model  that  includes  a 
statistical  version  of  an  atmospheric  GCM  and  a 
dynamical  model  of  the  wind-driven  and  thermo- 
haline circulation  of  the  oceans.  As  has  been 
pointed  out  already,  the  design  of  these  two 
components  faces  major  difficulties,  and  one  can 
only  guess  at  how  they  might  be  overcome. 

STATISTICAL  ATMOSPHERIC  MODEL 

The  starting  point  for  development  of  a 
statistical  atmospheric  model  should,  of  course, 
be  any  present  dynamical  GCM  which  is  already 
known  to  be  simulating  the  atmosphere  well. 
Such  models  have,  in  fact,  a statistical  com- 
ponent in  them  at  present,  in  that  various  eddy 
viscosity  and  diffusion  prescriptions  are  used  to 
simulate  the  average  influence  of  small  unre- 
solved scales  of  motion  on  the  larger  scales  that 
are  explicitly  computed.  In  recent  years, 
increases  in  available  computing  power  have 
permitted  an  increase  in  model  resolution,  so 
that  the  details  of  the  eddy-diffusion  process 
have  become  relatively  unimportant.  But  the  way 
to  a statistical  model  lies  in  the  reversal  of  this 
process  with  the  development  of  coarse- 


resolution  models  and  a more  careful  treatment 
of  the  statistical  influence  of  unresolved  scales. 
We  know  that  eddy-diffusion  terms  by  them- 
selves are  inadequate  because  they  do  not  pre- 
serve the  statistical  properties  of  the  system,  as 
indicated  by,  for  example,  the  deficiencies  in  the 
energy  spectrum  for  earlier  coarse-mesh  models. 
Here  an  interesting  possibility  is  suggested  by  our 
experience  with  turbulence  models:  namely,  that 
in  addition  to  an  eddy  viscosity  term  there 
should  also  be  introduced  a random  eddy  forcing 
term,  and  that  a combination  of  viscous  damping 
and  random  forcing  may  better  simulate  the 
statistical  influence  of  unresolved  scales  of 
motion. 

In  any  case,  the  task  will  be  to  reduce  a 
GCM  to  a minimum  number  of  degrees  of 
freedom  while  preserving  its  time-averaged  statis- 
tics. If  successful,  we  shall  have  a model  with 
enough  scales  of  motion  resolved  to  characterize 
the  mean  fields  and  to  provide  enough  covari- 
ances for  determining  most  of  the  eddy  trans- 
ports. The  unresolved  scales  will  be  assumed  to 
have  vanishing  means  and  be  characterized  at 
most  by  variance  and  covariance  spectra. 

The  final  step  will  be  to  convert  our  low- 
order  dynamical  model  into  a purely  statistical 
one  for  computing  means  and  covariances  of  the 
resolved  scales.  This  might  be  accomplished  with 
a second-level  closure  of  moment-expansion 
equations  of  the  sort  used  in  stochastic  dynamic 
forecasting  models.  Since  the  low-order  dynami- 
cal model  can  be  computed  relatively  rapidly,  we 
must  always  consider  the  simple  alternative  of  a 
Monte  Carlo  approach,  by  which  statistics  are 
obtained  from  a combination  of  time-  and 
sample-ensemble  averaging.  Such  in  fact  was  the 
approach  of  the  most  ambitious  climate  model 
run  to  date  at  the  Geophysical  Fluid  Dynamics 
Laboratory  (GFDL),  in  which  time-averaged  sta- 
tistics taken  from  single  runs  of  a full  atmo- 
spheric model  were  used  to  drive  a deterministic 
oceanic  model  which  in  turn  provided  changing 
external  influences  on  the  atmospheric  model. 

DYNAMIC  OCEANIC  MODEL 

The  ievelopment  of  a reliable  oceanic- 
circulation  model  seems  to  be  more  straight- 
forward but  could,  in  fact,  turn  out  to  be  far 
more  difficult.  Principally  because  of  the  dif- 
ficulty of  acquiring  adequate  observations,  the 
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state  of  knowledge  of  the  oceanic  circulation  is 
primitive  compared  to  that  of  the  atmosphere. 
What  observations  do  exist  suggest  that  the 
problem  of  treating  small  spatial  scales  statis- 
tically will  be  more  severe.  It  is  to  be  hoped  that 
the  techniques  worked  out  for  the  atmosphere 
will  be  applicable  here.  An  additional  difficulty 
will  arise  when  we  become  interested  in  climate 
change  over  very  long  time  scales,  for  then  we 
will  want  to  shift  some  of  the  more  rapidly 
fluctuating  oceanic  motions  into  the  internal 
system,  and  the  boundary  between  the  internal 
and  external  systems  will  become  harder  to 
define. 

It  is  evident  that  the  computing  power 
required  for  oceanic  models  is  at  least  as  great  as 
it  is  for  atmospheric  models.  There  is,  fortu- 
nately, rapidly  increasing  interest  and  involve- 
ment in  oceanic-circulation  models  in  a number 
of  oceanographic  research  centers,  stimulated  in 
large  part  by  observational  programs  such  as 
MODE  and  NORPAX. 

LINEAR  SENSITIVITY  THEORY 


One  of  the  first  uses  of  any  statistical  model 
of  the  internal  system  is  the  determination  of 
small  changes  in  internal  statistical  properties  in 
response  to  small  changes  in  external  parameters. 
For  sufficiently  small  changes  about  the  present 
climate  we  would  expect  a linear  analysis  to  be 
appropriate,  and  in  mathematical  terms  the 
problem  becomes  one  of  determining  a response 
matrix  whose  elements  are  sensitivity  coeffi- 
cients. Of  course,  for  larger  changes  second-order 
effects  will  become  important  and  a linear 
analysis  is  inadequate,  but  many  questions  of 
climate  stability  could  be  answered  from  a 
knowledge  of  the  linear-response  matrix. 

A key  question  here  is  how  resistant  climate 
means  are  to  being  changed  by  incremental 
external  forcing.  In  the  case  of  a Maxwell- 
Boltzmann  equilibrium  distribution  for  a 
dynamical  system  with  N degrees  of  freedom,  the 
fluctuation-dissipation  theorem  of  statistical 
mechanics  provides  the  following  answer:  If  a 
small  forcing  term  5fa  is  added  to  the  dynamical 
evolution  equation  for  a mode  ua,  i.e.,  ua  = Qa 
(uj,  . . ,uN)  + 6fa,  then  the  shift  in  the  mean 
»a  = <ua>  will  be  6fia  = ra5fa,  where  ra  - 
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jf,”  Ra(o)do  and  Ra(a)  is  the  time-o-lagged  cor- 
relation coefficient  for  the  mode  ua.  The  climate 
ensemble  is  not  a Maxwell-Boltzmann  ensemble, 
but  experience  with  such  nonequilibrium  dis- 
tributions in  turbulence  theory  suggests  that  the 
fluctuation-dissipation  theorem  continues  to  pro- 
vide a fair  approximation.  Since  for  many  mete- 
orological variables  we  know  that  ra=* 3 days,  we 
can  make  a rough  estimate  that  the  stabilizing 
influence  of  the  nonlinear  dynamics  is  such  that 
an  external  influence  perturbs  the  climate  mean 
of  a meteorological  variable  by  the  amount  that 
the  latter  would  change  in  about  three  days  if  it 
were  not  coupled  to  the  rest  of  the  system. 

NOISE  IN  FINITE  TIME  AVERAGES 

The  advantage  in  using  an  ensemble-average 
definition  of  climate  properties  has  been  de- 
scribed already,  and  is  that  such  properties  are 
then  slowly  changing  and  free  from  the  day-to- 
day  fluctuations  of  individual  realizations.  But 
the  real  atmosphere  is,  of  course,  only  one 
member  of  the  ensemble,  and  the  usual  opera- 
tional definition  of  climate  is  based  on  finite 
time  averages  of  this  single  realization.  From 
sampling-theory  considerations,  we  know  that 
finite  time  averages  of  a random  time  series  have 
random  fluctuations  about  the  ensemble  average, 
with  a standard  deviation  given  asymptotically 
by  Oj  = o(Tq/T)i/2,  where  T is  the  averaging  time, 
^0  = £T  RO-)  d t is  an  effective  independence 
time,  and  a and  R(t)  are  the  standard  deviation 
and  time-r-lagged  correlation,  respectively,  for 
the  time  series. 

Since  T0  is  about  six  days  for  many  atmo- 
spheric variables,  we  see  that,  for  example,  a 
90-day  seasonal  time  average  will  have  a fluctu- 
ation about  the  ensemble  mean  of  about  one- 
quarter  of  the  daily  fluctuation.  Inasmuch  as  the 
detailed  daily  fluctuations  are  known  to  be 
unpredictable  in  that  time  range,  so  also  must  the 
related  fluctuations  in  thp  seasonal  mean  be 
unpredictable,  and  thus  may  properly  be  called 
noise  in  the  communication-engineering  sense.  In 
contrast,  the  slowly-changing  ensemble  mean  we 
may  call  a signal  which  we  may  hope  to  be  able 
to  predict  through  the  use  of  climate  models. 
The  practical  value  of  such  predictions  will 
depend  in  the  usual  way,  of  course,  on  the  ratio 
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POTENTIAL  PREDICTABILITY 
OF  CLIMATE  FLUCTUATIONS 


_ 

j 
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The  question  of  the  potential  predictability 
of  climate  fluctuations  can  also  be  approached 
through  an  examination  of  frequency  spectra  of 
atmospheric  variables.  Observations  indicate  that 
the  time  series  of  weather  fluctuations  of  mete- 
orological variables,  such  as  temperature,  seems 
to  be  reasonably  well  modeled  by  a first-order 
Markov  process  with  time-r-lagged  correlation 
R(r)  = exp  (-v/t/)  characterized  by  a constant 
decay  rate  v of  the  order  of  0.3  day'1.  The 
corresponding  power  spectrum  as  a function  of 
frequency  co  is  given  by  P(co)  = A/(f2  + to2) 
where  A is  a constant.  As  co  -*■  0 for  such  a 
spectrum  we  have  P(u>)  -*•  A/i>2,  a constant,  and 
the  spectrum  appears  white  at  its  low-frequency 
end.  There  is  thus  some  contribution  to  fluctu- 
ations at  any  frequency,  no  matter  how  low,  by 
the  fluctuations  of  the  weather. 

We  may  pose  then  some  key  questions  for 
climate  studies.  What  parts,  if  any,  of  climate 
fluctuations  are  potentially  predictable,  and  not 
just  the  unpredictable  statistical  fluctuations  of 
unpredictable  weather?  In  a power  spectrum 
analysis  is  there  extra  potentially-predictable 
power  above  the  white,  low-frequency  end  of  the 


daily  weather  fluctuations?  Is  it  possible 
(although  it  seems  highly  unlikely)  that  some 
long-term  compensation  process  might  depress 
the  real  weather  spectrum  below  its  white  exten- 
sion to  oj  = 0? 

Answers  to  such  questions  require  detailed 
examination  of  lagged  correlations  and  of  power 
spectra.  A preliminary  study  of  Manley’s  250- 
year  record  of  monthly  mean  temperatures  in 
central  England  shows  small  lagged  correlations 
significantly  above  that  of  weather  out  to  about 
six  months,  small  but  probably  significant  lagged 
correlations  at  two  and  four  years,  and  a gener- 
ally white  spectrum  with  evidence  of  extra 
spectral  power  for  periods  of  a few  decades  and 
longer.  The  six-month  lagged  correlation  may 
well  be  a reflection  of  North  Atlantic  sea-surface- 
temperature  anomalies,  and  the  two-year  period 
is  the  quasibiennial  oscillation  which  has  shown 
up  in  many  other  records. 

Although  this  preliminary  study  does  not 
provide  much  hope  for,  say,  a clearly  useful 
forecast  of  seasonal  climate  a year  in  advance, 
such  studies  should  be  continued,  with  statistical 
tests  being  made  not  only  of  the  pessimistic 
null  hypothesis  that  nothing  is  predictable, 
but  also  of  hypotheses  that  are  framed  more 
optimistically. 
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ABSTRACT:  Ozone  production  and  transport  are  calculated  with  a three-dimensional  tropospheric- 
stratospheric  general-circulation  model  in  which  the  circulation,  radiational  heating,  and  ozone 
photochemistry  are  fully  coupled  and  interactive.  Some  results  are  presented  from  the  early  part  of  a 
calculation  for  the  northern-hemisphere  winter  season. 


Early  in  1971,  the  UCLA  general-circulation 
research  group  began  development  of  a global 
atmospheric  general-circulation  model  whose 
upper  boundary  is  the  stratopause.  The  motiva- 
tion was  the  need  for  a model  which  explicitly 
simulates  the  large-scale  three-dimensional 
motions  of  the  stratosphere  as  well  as  the 
troposphere,  and  which  has  ozone  as  a prog- 
nostic variable.  A grant  from  the  Department  of 
Transportation’s  Climatic  Impact  Assessment 
Program,  in  addition  to  the  longer-term  support 
by  the  National  Science  Foundation  Atmo- 
spheric Sciences  Section  and  the  NASA  Goddard 
Space  Flight  Center  Institute  for  Space  Studies, 
enabled  us  to  develop  such  a model.  To  our 
knowledge,  this  is  the  only  three-dimensional 
global  general-circulation  model  in  which  the 
circulation,  radiational  heating,  and  ozone  photo- 
chemistry are  fully  coupled  and  interactive. 

A detailed  account  of  the  design  of  the 
model  is  given  in  the  Workshop  Notes  on  The 
UCLA  Atmospheric  General  Circulation  Model 
(Arakawa  and  Mintz,  1974).  Here  we  present 
only  a brief  description  of  the  model  and  some 
results  from  the  early  part  of  a calculation  for 
the  northern-hemisphere  winter  season. 

DESCRIPTION  OF  THE  MODEL 
Variables  of  the  Model 

The  primary  prognostic  variables  of  the 
model  are  horizontal  velocity,  temperature,  and 
surface  pressure,  governed  respectively  by  the 


horizontal-momentum  equation,  the  thermo- 
dynamic-energy equation,  and  the  surface- 
pressure-tendency  equation.  With  appropriate 
boundary  conditions,  these  so-called  “primitive 
equations”  form  a closed  system  for  an  atmo- 
sphere that  is  adiabatic  and  frictionless. 

But  the  general  circulation  of  the  atmo- 
sphere is  the  large-scale  thermally  driven  motion, 
with  frictional  dissipation,  in  which  there  are 
strong  interactions  between  the  heating  field  and 
the  motion  field.  Therefore,  a number  of  auxil- 
iary prognostic  variables,  with  corresponding 
governing  equations  and  appropriate  boundary 
conditions,  must  be  added  to  simulate  the 
heating.  The  most  important  of  these  auxiliary 
prognostic  variables  is  water  vapor,  which  is 
governed  by  the  water-vapor  continuity  equa- 
tion. Because  the  source  and  sink  terms  in  the 
water-vapor  continuity  equation  and  in  the 
thermodynamic-energy  equation  greatly  depend 
on  sub-grid-scale  cumulus  convection,  the  UCLA 
model  has  a parameterized  penetrative  cumulus 
convection  which  interacts  with  a parameterized 
planetary  boundary  layer.  The  planetary  bound- 
ary-layer depth,  and  the  magnitudes  of  the 
temperature  discontinuity  and  moisture  dis- 
continuity at  the  top  of  the  boundary  layer,  are 
prognostic  variables  of  the  model. 

Because  there  can  be  an  appreciable  diurnal 
heat  storage  in  the  ground,  because  water  stored 
in  the  ground  can  be  a significant  source  of  water 
vapor  for  the  atmosphere,  and  because  snow 
lying  on  the  ground  can  have  a large  influence  on 
the  surface  albedo  and  also  be  a significant 
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water-vapor  source,  the  ground  temperature, 
ground-water  storage,  and  mass  of  snow  on  the 
ground  are  prognostic  variables  of  the  model, 
governed  by  energy-  and  water-budget  equations 
for  the  ground. 

Because  it  strongly  influences  the  radiational 
heating  of  the  stratosphere,  ozone  was  made  a 
prognostic  variable  of  the  model,  governed  by  an 
ozone  continuity  equation  with  parameterized 
sources  and  sinks. 

In  addition  to  the  prognostic  variables,  the 
model  has  many  diagnostic  variables  (physical- 
state  variables  whose  presence  and  whose  magni- 
tudes, rather  than  whose  time  rates  of  change  of 
magnitude,  are  determined  by  the  governing 
equations).  Among  the  more  important  of  these 
diagnostic  variables  are  the  different  types  of 
clouds,  which  form  with  the  release  of  latent 
heat,  and  whose  presence  affects  the  shortwave 
and  the  longwave  radiational  heating  of  the  air. 
In  the  model,  any  tropospheric  layer  which  is 
saturated  is  taken  to  be  filled  with  cloud.  In 
addition,  if  the  top  of  the  planetary  boundary 
layer  is  saturated  it  has  a sub-layer  of  stratus 
cloud.  Furthermore,  if  the  parameterized 
cumulus  convection  has  penetrative  cumulonimbi 
which  detrain  at  levels  higher  than  400  mb,  the 
layer  in  which  the  detrainment  takes  place  is 
taken  to  be  filled  with  cloud.  For  the  radiation 
calculations,  clouds  warmer  than  -40°C  are  taken 
to  be  water-droplet  clouds,  and  clouds  colder 
than  -40°C  are  taken  to  be  ice-crystal  clouds. 

Physical  Processes 

In  addition  to  the  three-dimensional  grid- 
scale  transports  of  the  prognostic  variables,  the 
sources  and  sinks  of  the  variables  are  calculated 
according  to  the  governing  physical  processes. 

For  the  prediction  of  the  horizontal  veloc- 
ity, the  horizontal  momentum  equation  has,  in 
addition  to  the  pressure-gradient  force  and  Cori- 
olis force,  a frictional  force  which  is  made  to 
depend  on  a frictional  drag  at  the  surface  of  the 
earth  with  sub-grid-scale  vertical  eddy  flux  of 
horizontal  momentum  within  the  planetary 
boundary  layer,  and  on  a sub-grid-scale  vertical 
eddy  flux  of  horizontal  momentum  within  the 
free  atmosphere  which  is  a function  of  the 
parameterized  cumulus  convection. 

For  the  prediction  of  temperature,  the  heat- 
ing term  in  the  thermodynamic  energy  equation 


consists  of  a solar  and  infrared  radiational  heat- 
ing, a sensible  heat  flux  across  the  earth’s  surface 
with  a sub-grid-scale  vertical  eddy  flux  of  heat 
and  a release  of  heat  of  condensation  within  the 
planetary  boundary  layer,  a sub-grid-scale  vertical 
eddy  flux  of  sensible  heat  and  release  of  heat  of 
condensation  by  the  parameterized  cumulus  con- 
vection, and  a heating  by  large-scale  condensa- 
tion and  a cooling  by  evaporation  of  the  falling 
raindrops. 

For  the  prediction  of  water  vapor,  the 
source  (and  sink)  term  in  the  water-vapor  conti- 
nuity equation  consists  of  an  evaporation  at  the 
earth’s  surface  with  a sub-grid-scale  vertical  eddy 
flux  of  water  vapor  within  the  planetary  bound- 
ary layer,  a sub-grid-scale  vertical  eddy  flux  of 
water  vapor  and  condensation  by  the  parameter- 
ized cumulus  convection,  and  a large-scale  con- 
densation and  evaporation. 

The  planetary  boundary  layer  (PBL)  for  the 
UCLA  model  was  originally  designed  by 
Deardorff  (1972),  who  parameterized  the  vertical 
structure  of  the  PBL  by  its  bulk  properties  and 
made  its  depth  a prognostic  variable.  Sub- 
sequently, Arakawa  and  Randall  (see  Chapter  XI 
of  the  Workshop  Notes  (Arakawa  and  Mintz, 
1974))  made  many  modifications  of  this  param- 
eterization, the  most  important  of  which  are  the 
addition  of  the  jumps  of  moisture  and  moist 
static  energy  at  the  top  of  the  PBL  as  prognostic 
variables,  the  interaction  of  the  PBL  with  the 
cumulus  ensembles,  and  the  inclusion  of 
boundary-layer  stratus  clouds. 

The  parameterization  of  cumulus  convection 
that  was  used  in  the  earlier  UCLA  models  has 
been  replaced  by  a new  scheme,  based  on  the 
theory  of  Arakawa  and  Schubert  (1974).  In  the 
new  scheme  (see  Chapter  X of  the  Workshop 
Notes),  the  cumulus-cloud  ensemble  interacts 
with  the  subcloud  planetary  boundary  layer  as 
well  as  with  the  cloud  environment  above  the 
PBL.  The  scheme  predicts  the  spectral  distribu- 
tion of  the  cumulus  cloud  types  in  quasi- 
equilibrium with  the  large-scale  processes.  The 
parameterized  cumulus  convection  produces 
sub-grid-scale  vertical  transfers  of  heat,  moisture, 
and  horizontal  momentum. 

The  basic  radiation  parameterization 
scheme,  described  in  Chapter  XV  of  the  Work- 
shop Notes,  is  a modification  of  the  scheme 
developed  by  Katayama  (1972)  for  the  UCLA 
tropospheric  models.  This  scheme  treats  the 


202 


MINTZ  AND  SCHLESINGER 


transfers  of  both  solar  and  longwave  radiation. 
For  the  solar  radiation  the  effects  of  clouds, 
water-vapor  absorption,  and  molecular  scattering 
are  included.  For  the  longwave  radiation,  the 
emission  and  absorption  by  water  vapor  and 
carbon  dioxide  are  included,  and  the  clouds  are 
treated  as  effective  black  bodies.  Since  the 
documentation  in  the  Workshop  Notes,  the 
scheme  has  been  extended  to  include  the  radi- 
ative effects  of  ozone,  and  has  been  modified  to 
treat  the  absorption  of  near-infrared  solar  radia- 
tion by  large  optical  paths  of  water  vapor,  and 
the  absorption  and  emission  of  longwave  radia- 
tion by  small  optical  paths  of  carbon  dioxide 
(Schlesinger,  1976b). 

Ozone  production  and  transport  have  also 
been  added  to  the  model  (Schlesinger,  1976b). 
The  production  of  ozone  is  based  on  a photo- 
chemical model  comprised  of  the  Chapman 
reactions 

it 

02  + hy  -»  20, 

ki 

O + 02  + M -»  03  + M, 

k,  =6.6  X 10'35  exp  (510/T), 

^ h 

03  + hv  -*  03  + O. 

O + O3  -*•  202, 

k2  = 1.9  X 10'11  exp  (-2300/T), 
and  the  N0-N02  catalytic  cycle 

^3 

NO  + O3  -*•  N02  +02, 

k3  = 9 X 10-' 3 exp(-1200/T), 

^4 

N02  + O NO  + 02, 
k4  =9.1  X 1 O’ 1 2 , 

■*3 

N02  + hv  -*■  NO  + O, 


where  the  photodissociation  rates  jj  are 

Ji(z)  = j ax>iIXi. 

0 

• exp  £-sec  f J*  nk(z)dzj  dX. 

Here  IXoo  is  the  extraterrestrial  monochromatic 
photon  flux  per  unit  wavelength,  ax  j is  the 
absorption  cross-section  of  species  i at  wave- 
length X,  nk(z)  is  the  number  density  of  species  k 
at  altitude  z,  f is  the  solar  zenith  angle,  and  the 
summation  extends  over  all  species  k that  absorb 
in  the  spectral  region  where  species  i photo- 
dissociates. 

The  distribution  of  N02  is  prescribed.  It 
varies  only  in  the  vertical,  following  the  profile 
calculated  by  McElroy  et  al.  (1974)  but  with 
absolute  concentrations  reduced  by  43.5%  (for 
the  reason  given  below). 

The  photochemical  ozone  production  is  cal- 
culated only  in  the  layers  above  100  mb  because 
below  100  mb  the  production  rate  is  small.  The 
photodissociation  rates  j j(z)  are  computed  by 
a linear  bivariate  table  interpolation.  The  de- 
struction of  ozone  at  the  earth’s  surface,  due 
to  heterogeneous  chemical  reactions,  is  param- 
eterized following  Cunnold  et  al.  (1975). 

The  transport  of  ozone  by  the  horizontal 
wind  components  is  calculated  with  a space- 
centered  scheme.  For  a down-gradient  transport, 
an  arithmetic  mean  of  the  two  ozone  mixing 
ratios  is  used;  for  an  up-gradient  transport,  a 
harmonic  mean  is  used.  This  eliminates  the 
spurious  generation  of  negative  ozone  mixing 
ratios  due  to  time  truncation  error.  The  scheme 
has  a generally  diffusive  character  because,  for 
given  ozone  mixing  ratios  and  mass  transport,  the 
ozone  transport  is  greater  with  the  arithmetic 
mean  than  with  the  harmonic  mean;  however, 
the  computational  diffusion  is  small  because  the 
horizontal  gradient  is  small. 

The  transport  of  ozone  by  the  vertical 
velocity  is  calculated  with  a space-centered 
scheme  which  is  based  on  the  conservation  of  the 
global  integral  with  respect  to  mass  of  the 
logarithm  of  the  ozone  mixing  ratio  (Schlesinger, 
1976b).  This  is  done  because  the  extremely  large 
vertical  gradient  of  ozone  makes  it  undesirable  to 
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use  the  arithmetic/harmonic-mean  scheme,  which 
is  diffusive. 

Prescribed  Parameters 

The  prescribed  parameters  of  the  model  are: 

• Radius,  surface  gravity,  and  rotation 
speed  of  the  planet 

• Solar  constant  and  orbital  parameters  of 
the  planet 

• Total  atmospheric  mass 

• Thermodynamic  and  radiation  constants 

• Geographical  distributions  of  open 

ocean,  ice-covered  ocean,  ice-free  land, 
and  land  covered  by  glacial  ice 

• Surface  elevation 

• Surface  roughness 

• Thickness  of  the  sea  ice 

• Ocean  surface  temperature 

• Distribution  of  N02 . 

For  the  present  study,  the  prescribed  ocean- 
surface  temperature  is  the  observed  annual  mean 
ocean-surface  temperature.  Ice-free  ocean  is 
assigned  an  albedo  of  0.07,  and  the  sea  ice  and 
snow-free  glacial  ice  an  albedo  of  0.40.  The 
albedo  of  the  predicted  snow  cover  is  taken  as 
0.65  when  the  snow  is  colder  than  its  melting 
temperature,  and  as  0.50  when  it  is  at  its  melting 
temperature.  For  snow-free  land,  the  albedo  is 
made  to  vary  with  the  amount  of  water  in  the 
plant-root  zone  of  the  soil:  from  an  albedo  of 
0.28  where  there  is  no  evapotranspiration- 
available  soil  water,  to  an  albedo  of  0.12  where 
the  soil  water  is  equal  to  or  exceeds  one-third  of 
the  maximum  amount  of  evapotranspiration- 
available  water  that  the  soil  can  hold  (which  is 
taken  as  1 5 gm  of  water/cm2).  This  dependence 
of  the  surface  albedo  on  the  water  stored  in  the 
soil  simulates  the  dependence  of  surface  albedo 
on  vegetation  cover.  It  is  intended  to  be  a simple 
parameterization  of  the  feedback  of  the  bio- 
sphere to  climate. 

Vertical  Structure  of  the  Model 

Figure  1 shows  the  vertical  structure  of  the 
model.  The  lower  boundary  follows  the  earth’s 
topography,  where  surface  pressure  is  defined. 
The  upper  boundary  is  the  1-mb  pressure  surface 


and  is  approximately  at  the  height  of  the 
stratopause  (about  50  km).  The  model  atmo- 
sphere is  divided  into  twelve  layers;  the  bound- 
aries of  these  layers  follow  the  coordinate  sur- 
faces of  a generalized  o-coordinate.  From 
100  mb  upward,  these  coordinate  surfaces  are 
also  constant-pressure  surfaces.  The  lowest  four 
layers  have  equal  depth  in  pressure  p,  and  the 
uppermost  seven  layers  have  equal  depth  in  log  p. 
The  broken  lines  in  the  figure  show  the  levels  at 
which  the  prognostic  variables  of  horizontal 
velocity,  temperature,  water  vapor,  and  ozone 
are  carried  for  each  of  the  layers.  These  levels  are 
centered  in  p for  the  layers  below  100  mb,  and  in 
log  p for  the  layers  above  100  mb. 
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Figure  1.  Vertical  structure  of  the  model.  The  prog- 
nostic variables  of  horizontal  velocity, 
temperature,  water  vapor,  and  ozone  are 
carried  on  the  a-surfaces  shown  by  the 
broken  lines. 


The  top  layer  of  the  model,  called  the 
“sponge  layer”,  has  a damping  term  designed  to 
absorb  upward-propagating  wave  energy  and  thus 
prevent  spurious  reflections  of  wave  energy  at 
the  upper  boundary. 

Figure  2 shows  the  lowest  five  layers  of  the 
model.  The  parameterized  planetary  bound- 
ary layer,  whose  depth  varies  in  space  and  time, 
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Figure  2.  The  lowest  five  layers  of  the  model, 
showing  the  parameterized  planetary 
boundary  layer  which  may  contain  stratus 
cloud  and  above  which  there  may  extend  a 
cumulus-cloud  ensemble. 

Horizontal  Coordinates,  Grid  Size, 
and  Time  Step 

The  horizontal  coordinates  are  longitude  and 
latitude.  The  grid  size  is  5°  of  longitude  and  4° 
of  latitude,  which  makes  the  two  linear  grid 
distances  equal  at  37°  latitude.  To  avoid  having 
to  use  an  extremely  short  time  step  because  the 
meridians  converge  toward  the  poles,  selected 
terms  in  the  prognostic  equations  are  longi- 
tudinally averaged  (Schlesinger,  1976a).  The 
basic  time  step  is  6 minutes,  but  the  source  and 
sink  terms  and  the  vertical  advection  of  water 
vapor  and  ozone  use  a time  step  of  30  minutes. 

Mathematical  A spects  of  the  Model 


dissipative  processes,  and  conservation  of  total 
entropy  and  total  potential  enthalpy  during 
adiabatic  processes. 

In  this  model,  the  distribution  of  the  vari- 
ables over  the  horizontal  grid  points  was  changed 
to  the  scheme  which  best  simulates  inertia- 
gravity  waves  and  the  geostrophic  adjustment 
process  (Workshop  Notes,  Chapter  V,  Section  I). 
Consequently,  solutions  with  this  scheme  are  free 
from  the  highly  non-geostrophic  computational 
noise  which  commonly  exists  in  solutions  ob- 
tained with  other  schemes. 

In  addition,  the  extension  of  the  model  to 
the  stratopause  required  a change  from  the 
previous  vertical  differencing  scheme.  The  new 
scheme  is  superior,  when  the  stratosphere  is 
included,  because  it  has  an  integral  constraint  on 
the  distribution  of  total  entropy  and  a very 
accurate  finite-difference  hydrostatic  equation 
(Workshop  Notes,  Chapter  II,  Section  5,  and 
Chapter  III,  Section  8).  Furthermore,  an  ana- 
lytical study  showed  lhai  the  new  vertical  dif- 
ferencing scheme,  when  applied  to  levels  equally 
spaced  in  log  p,  guarantees  that  the  vertical 
wavenumber  of  a planetary  wave,  for  a given 
equivalent  depth,  is  constant  in  height  for  an 
isothermal  atmosphere,  just  as  it  is  in  the 
continuous  case.  This  is  one  of  the  important 
advantages  of  the  model:  namely,  that  there  will 
be  little  or  no  spurious  internal  reflection  of 
vertically  propagating  wave  energy  due  to  the 
discretization  (Workshop  Notes,  Chapter  IV, 
Section  4). 

RESULTS 


Arakawa  (1970;  see  also  the  Introduction  to  Initialization 

the  Workshop  Notes  (Arakawa  and  Mintz,  1974)) 

developed  the  principle  that  the  statistical  prop-  The  prognostic  variables  of  this  tropo- 

erties  of  the  finite-difference  solution  of  the  spheric-stratospheric  model  were  initialized  in 

governing  equations  of  atmospheric  motion  will  the  following  way.  For  the  o-surfaces  below 

approximate  those  of  the  continuous  solution  if  100  mb,  the  horizontal  velocity,  temperature. 
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and  water-vapor  mixing  ratio  were  obtained  by  a 
vertical  interpolation  of  these  fields  from  a day 
at  the  beginning  of  December  which  was  the 
result  of  a long  integration  that  had  been  made 
with  the  UCLA  three-level  tropospheric  model. 
The  surface  picssure,  ground  temperature, 
ground-water  storage,  and  mass  of  snow  on  the 
ground  were  also  taken  from  the  three-level 
model  results  for  that  day.  (The  initial  state  for 
the  integration  of  the  three-level  model  was  one 
in  which  the  temperature  field  was  three- 
dimensionally  isothermal,  the  velocity  was  zero 
everywhere,  the  surface  pressure  was  everywhere 
equal  to  the  global  mean  surface  pressure,  and 
there  was  no  water  vapor  in  the  air,  no  water  stored 
in  the  ground,  and  no  snow  on  the  ground.)  For 
the  o-surfaces  above  100  mb,  the  initial  tempera- 
ture for  the  tropospheric-stratospheric  model  was 
taken  to  vary  only  with  pressure,  according  to 
the  mid-latitude  spring/fall  profile  of  the  1966 
U.S.  Standard  Atmosphere.  The  initial  horizontal 
velocity  above  100  mb  was  set  equal  to  the 
geostrophic  velocity  (except  at  the  equator, 
where  it  was  made  equal  to  the  mean  of  the 
velocities  at  4°N  and  4°S).  The  initial  water- 
vapor  mixing  ratio  above  100  mb  was  taken  as 
zero.  Because  the  residence  time  of  atmospheric 
ozone  is  very  long,  the  ozone  mixing  ratio  was 
initialized  from  the  observed  zonal-mean  ozone 
number  density,  on  the  basis  of  the  Ozone  Data 
for  the  World  for  December  (1960-72)  and  on 
the  initial  air  density  of  the  model.  The  initial 
sun  declination  and  distance  were  taken  for  the 
beginning  of  December.  The  prescribed  NO2 
profile  was  taken  from  McElroy  et  al.  (1974). 

Several  times  during  the  first  60  simulated 
days  of  the  integration,  small  programming  and 
coding  errors  were  detected  and  corrected.  At 
these  times  the  sun’s  declination  and  distance 
were  set  back  some  days  (re-initialized),  but  no 
re-initialization  was  made  of  the  prognostic 
variables. 

By  Day  60,  however,  it  was  clear  that  a large 
error  was  being  produced  in  the  ozone  field  as  a 
result  of  our  original  formulation  for  the  vertical 
ozone  transport,  which  was  the  arithmetic/ 
harmonic-mean  scheme.  That  scheme  was  pro- 
ducing a large,  computationally  false,  net  down- 
ward transport  of  ozone.  To  correct  this 
computational  error,  the  above-described  loga- 
rithmic scheme  was  designed.  The  logarithmic 


scheme  was  introduced  on  Day  60,  and  at  that 
time  the  ozone  number  density  was  re-initialized 
to  what  it  had  been  on  Day  0.  A lower  bound  of 
0.04  pg  Oj/g  air  was  set  for  the  re-initialized 
ozone  mixing  ratios  for  the  levels  below  400  mb, 
following  the  observations  of  Hering  and  Borden 
(Wu,  1973).  The  magnitude  of  the  prescribed 
N02  profile  was  reduced  by  43.5%  in  order  to 
make  the  calculated  global  photochemical 
ozone-production  rate  on  Day  60  the  same  as  the 
rate  of  the  surface  destruction  of  ozone  given  by 
Tiefenau  and  Fabian  (1972).  The  sun’s  declina- 
tion and  distance  were  set  back,  for  the  last  time, 
to  December  20,  near  the  northern-hemisphere 
winter  solstice. 

The  integration  has  now  reached  a total  of 
76  days  (January  5),  which  is  16  days  since  the 
ozone  was  re-initialized.  This  is  not  long  enough 
for  the  model  atmosphere  to  have  reached  its 
stat ist ically-steady  equilibrium  state:  neither  in 
its  production  and  transport  of  ozone,  nor  for 
such  slow  dynamical  processes  as  the  upward 
propagation  of  wave  energy  through  the  strato- 
sphere. As  computer  time  becomes  available  (the 
model  requires  three  hours  of  IBM  360/91 
computer  time  per  day  of  simulated  time),  we 
will  continue  with  the  integration  until  the 
equilibrium  state  is  reached,  and  will  analyze  and 
publish  those  results.  But  to  make  the  potential- 
ities of  the  model  more  widely  known  through 
this  CIAP  publication,  we  are  presenting  here  the 
results  already  obtained. 

Zonally-A  veraged  Temperature 
and  Circulation 

Figures  3 and  4 show  meridional  cross- 
sections  and  vertical  profiles  of  the  zonally- 
averaged  simulated  temperatures,  averaged  for 
the  last  two  days  of  the  76-day  integration, 
together  with  the  observed  normal  temperatures 
for  Dec-Jan-Feb,  according  to  Newell  et  al. 
(1972).  In  the  cross-section  of  the  observed  field, 
the  vertical  scale  is  linear  with  height  and  the 
field  is  shown  up  to  the  31 -km  (10-mb)  level.  In 
the  cross-section  for  the  simulated  field,  the 
vertical  scale  is  linear  in  pressure  between 
1000  mb  and  200  mb,  and  is  linear  in  log  p 
between  100  mb  and  1 mb,  which  is  the  top  of 
the  model  (at  about  48  km). 
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Meridional  cross-sections  of  the  zonally  averaged  temperature.  Top:  simulated  tempera- 
ture, averaged  for  the  last  two  days  of  the  integration  (Jan  4-5).  Bottom:  observed 
normal  temperature  for  Dec-Jan-Feb  (from  Newell  et  al„  1972).  Units:  degrees  Celsius. 


One  can  draw  only  zeroth-order  conclusions 
from  a comparison  of  the  simulated  and  observed 
fields  that  are  shown  here,  because  the  model 
atmosphere  has  not  reached  its  statistically- 
steady  equilibrium  state  and  because,  for  those 
fields  in  which  there  are  large  time  variations,  the 
comparison  of  a short-term  mean  (a  two-day 


average)  with  a long-term  mean  (the  seasonal 
normal)  may  involve  a large  sampling  error. 

Comparing  the  gross  features  of  the  simu- 
lated and  the  observed  fields  that  are  shown  here, 
one  may  say  that  the  3-Ievel  and  then  the 
12-level  model  atmosphere  evolved  from  an 
extremely  unrealistic  initial  state  into  a state 
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Figure  4.  Vertical  profiles  of  the  zonally  averaged  temperature.  Crosses:  simulated  temperature, 
averaged  for  the  last  two  days  of  the  integration.  Circles:  observed  normal  for 
Dec-Jan-Feb  (from  Newell  et  al„  1972). 


which  correctly  reproduces  the  zeroth-order 
features  of  the  real  atmosphere.  In  the  tempera- 
ture cross-section,  shown  in  Figure  3,  the  general 
structure  of  the  troposphere,  tropopause,  and 
stratosphere  is  fairly  well  simulated  by  the 
model.  The  principal  difference  between  the 
observed  normal  for  Dec-Jan-Feb  and  the  two 
simulated  days,  Jan  4-5,  is  that  the  simulated 
temperature  in  the  upper  troposphere  and  lower 
stratosphere  at  both  poles  is  about  20°C  colder 
than  the  observed  temperature.  An  examination 
of  the  wind  field  (see,  for  example,  the  500-mb 
geopotential  height  map  in  the  lower  part  of 
Figure  12),  shows  that,  up  to  this  time,  the 
model  has  not  developed  large-amplitude  ultra- 
long  waves.  This  indicates  that  the  model 
atmosphere  is  not  producing  a large  enough 
poleward  eddy  heat  transport.  Whether  larger- 
amplitude  long  waves  will  develop  as  the  integra- 
tion continues  remains  to  be  seen.  (In  this 
connection,  the  earlier  three-level  tropospheric 
model,  with  its  “rigid  lid”  upper  boundary  at 
100  mb,  developed  a strong  and  permanent 
ultra-long  wave  blocking  pattern,  which  also  is 
not  correct.)  But  although  the  simulated  tem- 
perature on  Days  75-76  is  too  cold  in  the  upper 
troposphere  and  lower  stratosphere  near  the 
poles,  the  temperature  pattern  in  the  strato- 
sphere, especially  in  the  northern  hemisphere,  is 
very  similar  to  what  is  observed  in  the  period 
that  precedes  sudden  warming,  as  shown  by 
Barnett  (1974,  Figure  8a). 


Figures  5 and  6 show  the  simulated  and 
observed  zonally-averaged  zonal  velocity.  Again, 
the  zeroth-order  features  are  correctly  repro- 
duced. The  fact  that  the  simulated  easterly  and 
westerly  surface  zonal  winds  are  approximately 
correct  shows  that  the  vertically  integrated  pole- 
ward  angular-momentum  transports  are  approxi- 
mately correct.  The  principal  deficiency  is  that 
the  two  tropospheric  west-wind  maxima  and  the 
winter-hemisphere  stratospheric  west-wind  maxi- 
mum are  too  strong.  This  is  consistent  with  the 
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Figure  6.  Vertical  profiles  of  the  zonally-averaged 
zonal  velocity.  Crosses:  simulated  velocity, 
averaged  for  the  last  two  days  of  the 
integration.  Circles:  observed  normal  for 
Dec-Jan-Feb  (from  Newell  et  al„  1972). 
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Meridional  cross-sections  of  the  zonally-averaged  zonal  velocity.  Top:  simulated  velocity, 
averaged  for  the  last  two  days  of  the  integration  (Jan  4-5).  Bottom:  observed  normal  for 
Dec-Jan-Feb  (from  Newell  et  al.,  1972).  Units:  meters/sec. 


Figure  5 


temperature’s  being  too  cold  in  the  upper  tropo- 
sphere and  lower  stratosphere  in  the  higher 
latitudes  of  both  hemispheres.  In  the  real 
atmosphere,  the  three-dimensional  jet  streams  are 
narrow  and  have  a high  speed,  but,  because  these 
jet  streams  meander  with  respect  to  latitude,  the 
zonal  average  along  latitude  circles  shows  broad 


maxima  with  much  lower  maximum  speeds.  The 
model  atmosphere  has  not  yet  developed  large- 
amplitude  ultra-long  waves,  so  that  its  jet  streams 
do  not  meander  much;  its  zonally-averaged  west- 
wind  maxima  are  therefore  too  narrow  and  too 
strong.  In  the  upper  stratosphere  of  the  summer 
hemisphere,  the  simulated  east  wind  maximum 
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resembles  the  observed  one,  as  shown  by 
Murgatroyd  (1969). 

Figures  7 and  8 show  the  simulated  and 
observed  mean  meridional  mass  circulation  and 
profiles  of  the  zonally-averaged  meridional 
velocity.  The  zonally-averaged  meridional  veloc- 
ity, from  which  the  mean  meridional  mass 
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circulation  is  obtained,  is  ageostrophic  and  is 
therefore  very  difficult  to  determine  from 
observations.  In  fact,  Newell  et  al.  (1972)  used 
wind  observations  directly  only  to  obtain  the 
northern-hemisphere  mean  meridional  mass  cir- 
culation shown  in  Figure  7.  For  the  southern 
hemisphere  they  used  the  so-called  indirect 
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figure  7.  Meridional  cross-sections  of  the  mean  meridional  mass  circulation.  Top:  simulated 
circulation,  averaged  for  the  last  two  days  of  the  integration  (Jan  4-5).  Bottom:  observed 
normal  for  Dec-Jan-fcb  (from  Newell  et  al„  1972).  Units:  10*  2 gm/scc. 
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method  to  obtain  the  mean  meridional  mass 
circulation  (and  from  that  the  corresponding 
profiles  of  the  mean  meridional  velocity)  as  a 
residual  term  in  the  zonal  angular-momentum 
budget.  This  method,  which  was  first  proposed 
and  used  by  Mintz  and  Lang  (1955),  uses  the 
observed  poleward  eddy  angular-momentum 
flux,  which  is  quasi-geostrophic,  plus  a number  of 
assumptions,  and  gives  only  approximate  results. 
It  is  remarkable,  and  most  likely  coincidental, 
that  the  simulated  mean  meridional  mass  circula- 
tion matches  the  observed  circulation  as  closely 
as  is  shown  in  Figure  7. 

The  simulation  shows  the  two  tropospheric 
tropical  Hadley  cells,  with  the  northern- 
hemisphere  cell  broader  and  stronger  and  extend- 
ing across  the  equator;  the  two  tropospheric 
middle-latitude  Ferrel  cells;  a direct  cell,  with  a 
double  center,  ii.  the  higher  latitudes  of  the 
southern  hemisphere;  and  a complex  pattern  of 
direct  and  indirect  cells  poleward  of  the  Ferrel 
cell  in  the  northern  hemisphere  which  does  not 
match  the  observed  field.  In  the  stratosphere,  the 
simulated  two-day  average  shows  a complex 
pattern  of  mass  circulation,  especially  in  the 
summer  hemisphere.  In  the  winter-hemisphere 
stratosphere,  a prominent  large-scale  feature  is 


the  upward  current  whose  axis  crosses  the 
100-mb  and  10-mb  levels  near  70°  north.  This 
current  then  turns  equatorward  and,  reinforced 
by  flow  from  the  south,  descends  across  the 
10-mb  level  at  about  45°N  and  across  the 
100-mb  level  at  about  35°N,  where  it  merges 
with  the  converging  upper  branches  of  the 
tropospheric  Hadley  and  Ferrel  cells.  This  feature 
of  the  simulated  stratospheric  circulation 
resembles  the  one  which  Vincent  (1968) 
obtained  for  the  winter  season,  using  the 
angular-momentum  budget  and  observations  of 
the  poleward  eddy  angular-momentum  flux  in 
the  northern-hemisphere  stratosphere.  The  strong 
sinking  motion  of  this  circulation  feature  coin- 
cides with  the  temperature  maximum  in  the 
winter-season  middle-latitude  lower  stratosphere 
shown  in  Figure  3. 

Preliminary  Ozone  Results 

Figure  9 shows  the  global  photochemical 
production  rate  of  ozone,  the  global  surface- 
destruction  rate  of  ozone,  and  the  global-mean 
total  ozone  as  functions  of  time.  Immediately 
following  the  ozone  re-initialization  on  Day  60, 
the  photochemical  production  rate  increased  by 


Figure  8. 


Vertical  profiles  of  the  zonally-averaged  meridional  velocity  at  the  central  latitudes  of 
the  tropospheric  Hadley  and  Ferrel  cells.  Crosses:  simulated  velocity,  averaged  for  the 
last  two  days  of  the  integration.  Circles:  observed  normal  for  Dec-Jan-F'eb  (from  Newell 
et  al„  1972).  (The  circled  crosses  denote  that  the  velocity  scale  must  be  multiplied  by 
10.) 
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DAY 

Figure  9.  The  global  photochemical  production  rate 
of  ozone,  the  global  surface  destruction 
rate  of  ozone,  and  the  global  mean  total 
ozone,  as  functions  of  time. 

an  order  of  magnitude.  It  stayed  high  for  about  a 
day  and  then  decreased  toward  a state  of 
high-frequency  oscillations,  between  positive 
(source)  and  negative  (sink)  values.  Averaged 
over  the  last  six  days,  the  global  photochemical 
production  rate  is  about  13  tons/sec,  which  is 
substantially  smaller  than  the  rate  of  64  tons/sec 
that  was  calculated  by  Brewer  and  Wilson  (1968) 
for  a moist  atmosphere  without  NOx.  The 
surface  destruction  rate  (shown  in  Figure  9 with 
a scale  that  is  100  times  larger  than  the  scale  for 
the  photochemical  production)  decreased  slightly 
over  the  first  three  days,  and  then  increased  to 
the  value  of  19  tons/sec  on  Day  76,  at  which 
time  it  was  increasing  at  the  rate  of  about  0.5 
tons/sec  per  day.  The  surface-destruction  rate 
depends  on  the  amount  of  ozone  in  the  lowest 
model  layer,  and  it  may  take  some  time  for  this 
to  reach  equilibrium.  The  global-mean  total 
ozone  increased  from  the  initial  value  of  283.4 
Dobson  units  (1  D.U.  = 10"3  cm-NTP)  on  Day 
60,  to  291.7  D.U.  on  Day  70.  It  then  fell  slightly, 
and  has  about  leveled  off  at  the  value  of  291.3 


D.U.  on  Day  76.  This  is  about  the  same  as  the 
observed  value  of  291.4  D.U.  (4  X 1037  mole- 
cules) for  January  1964,  given  by  Brewer  and 
Wilson  (1968). 

Figure  10  shows  the  latitudinal  distribution 
of  total  ozone  at  the  initial  time  and  averaged 
over  the  last  two  days  of  the  simulation  (Days 
75-76).  The  observed  distributions  for  the 
northern-hemisphere  winter  (London,  1963)  and 
the  southern-hemisphere  summer  (Sticksel, 
1970)  are  also  shown  for  comparison.  During  the 
simulation,  in  both  hemispheres,  the  total  ozone 
decreased  in  the  high  latitudes  and  increased  in 
the  tropics  and  in  the  middle  latitudes.  The  large 
decreases  in  the  polar  regions  have  caused  the 
high-latitude  maxima  to  be  displaced  equator- 
ward.  We  suspect  that  the  decrease  of  total  ozone 
in  the  two  polar  regions,  which  makes  the 
amounts  there  less  realistic  now  than  at  the 
re-initialization  time,  occurs  for  the  same  reason 
that  the  temperatures  are  too  cold  in  the  polar 
regions  — namely,  the  poleward  eddy  transports 
of  heat  and  ozone  are  too  small  because  the 
model  has  not  yet  developed  large-amplitude 
tropospheric  and  stratospheric  ultra-long  waves. 
Whether  these  transports  will  become  larger  as 
the  simulation  proceeds  remains  to  be  seen. 


Figure  10.  Simulated  and  observed  latitudinal  dis- 
tributions of  total  ozone. 


Figure  11  shows  meridional  cross-sections  of 
the  zonally-averaged  ozone  mixing  ratio  at  the 
re-initialization  time  and  averaged  over  the  last 
two  days  of  the  simulation.  The  observed  field 
for  Dec-Jan-Feb  from  Newell  et  al.  (1974)  is  also 
shown.  During  the  simulation,  the  ozone  maxi- 
mum at  10  mb  became  more  intense  and  its 


I50W  I20W 


Figure  12.  Simulated  synoptic  distribution  of  total  ozone  and  500-mb  geopotential  height,  on  Day 
75  (Hour  21  GMT)  of  the  integration.  Top:  total  ozone,  where  the  dashed  contour  line  is 
290  Dobson  unitsand  the  contour  interval  is  10  D.U.  Bottom:  500-mb  height,  where  the 
dashed  contour  line  is  5600  meters  and  the  contour  interval  is  60  meters.  The  500-mb 
trough  lines  (solid  lines)  and  ridge  lines  (dashed  lines)  are  also  shown  superposed  on  the 
field  of  total  ozone. 
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The  significant  feature  shown  here  is  the  pro- 
nounced zonal  variation  of  total  ozone,  es- 
pecially in  the  middle  latitudes  of  the  northern 
hemisphere.  The  differences  between  adjacent 
maxima  and  minima  along  a latitude  circle  are  of 
the  order  of  tens  of  Dobson  units  and,  in  some 
places,  are  almost  as  large  as  the  difference 
between  the  equatorial  minimum  and  middle- 
latitude  maximum  of  the  zonally-ave raged  total 
ozone,  shown  in  Figure  10.  The  500-mb  geo- 
potential height  field  shows  the  simulated  baro- 
clinic  waves  which  move  slowly  eastward.  By 
superposing  the  trough  and  ridge  lines  of  these 
waves  on  the  total  ozone  field,  we  see  that  the 
maxima  and  minima  of  total  ozone  coincide, 
respectively,  with  the  trough  and  ridge  lines  of 
the  500-mb  waves.  It  is  gratifying  that  both  the 
amplitude  of  this  zonal  variation  of  total  ozone, 
and  its  phase  relationship  to  the  baroclinic 
disturbances  at  500  mb  (and  at  300  mb),  are 
precisely  what  are  observed  in  the  real  atmo- 
sphere, as  shown  for  example  by  Normand 
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(1953).  Because  the  model  provides  complete 
information  on  its  ozone  production  and  trans- 
port, we  shall  be  able  to  determine  the  exact 
reason  for  this  correlation  between  total  ozone 
and  the  tropospheric  waves. 

Figure  13  shows  the  latitudinal  distribution 
of  the  vertically  integr*  ed  photochemical  pro- 
duction rate  and  the  suri.f'**  destruction  rate  of 
ozone,  averaged  for  two  days,  at  four  times 
during  the  integration.  All  of  the  photochemical 
production-rate  curves  have  the  same  qualitative 
character:  positive  production  (source)  in  the 
tropics  and  the  southern-hemisphere  middle  lati- 
tudes, negative  production  (sink)  in  the  high 
latitudes  of  th*  southern  hemisphere  and  middle 
latitudes  of  the  northern  hemisphere,  and  zero 
production  in  the  northern-hemisphere  polar 
night.  During  the  simulation,  the  production  rate 
near  the  equator  and  in  the  lower  and  middle 
latitudes  of  the  summer  hemisphere  became 
much  smaller.  As  has  already  been  seen  in  Figure 
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figure  13.  Latitudinal  distribution  of  the  vertically  integrated  photochemical  production  rate  and 
the  surface  destruction  rate  of  ozone,  averaged  for  two  days,  at  four  times  during  the 
simulation. 
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rate  has  maxima  near  25°N  and  20°S.  These  are 
close  to  the  latitudes  of  the  largest  rate  of  ozone 
transport  to  the  ground. 

Figure  15  shows  latitudinal  profiles  of  the 
vertically  integrated  northward  transports  of 
ozone  by  the  mean  meridional  circulation, 
I [Gv]  [q^J,  by  the  zonal  eddies.  £[GJq*] , 
and  the  total  transport,  E[Gv.qt) . Here  qc  is  the 
ozone  mixing  ratio  in  layer  8 and  Gt  = (27ra  cos 
<t> ) IlvcAov,  where  a is  the  earth’s  radius,  <t>  is  the 
latitude,  n is  the  normalization  pressure  used  to 
define  the  vertical  o-coordinate  (99  mb  for  layers 
above  the  100-mb  level  and  ps  — 100  for  layers 
below  the  100-mb  level,  where  ps  is  the  surface 
pressure),  vc  is  the  meridional  velocity  com- 
ponent in  layer  8,  and  Aov  is  the  thickness  of 
layer  8 in  o-space.  The  summation  extends  over 
all  model  layers.  The  brackets  denote  the  zonal 
average,  the  asterisks  denote  the  local  deviation 


9,  the  net  global  photochemical  production  rate 
is  small  from  Day  70  on. 

• Figure  14  shows  a meridional  cross-section 
of  the  photochemical  ozone-productiou  rate,  and 
a latitudinal  profile  of  the  surface  destruction 
rate,  averaged  for  Days  75-76.  There  is  photo- 
chemical production  of  ozone  in  almost  all 
latitudes  in  the  upper  two  layers  of  the  model 
(except  in  the  latitudes  of  the  polar  night),  and 
in  a tropical  zone  in  the  lower  stratospheric 
layers.  (No  photochemical  production  of  ozone 
was  calculated  for  the  layers  below  100  mb  in 
the  model.)  In  the  middle  latitudes  of  the  winter 
hemisphere  and  in  the  high  latitudes  of  the 
summer  hemisphere,  the  strength  and  vertical 
extent  of  the  sink  dominate  the  overlying  source 
and,  as  shown  in  Figure  13,  the  production  rate 
summed  vertically  over  the  atmosphere  is  nega- 
tive in  these  latitudes.  The  surface  destruction 
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Top:  meridional  cross-section  of  the  photochemical  ozone  production  rate,  averaged  for 
Days  75-76.  Units:  tons/sec  per  4°  latitude  per  model  layer.  Bottom:  latitudinal  profile 
of  the  surface  destruction  rate  of  ozone,  averaged  for  Days  75-76. 
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Figure  15. 


Vertically  integrated  northward  transports  of  ozone  by  the  mean  meridional  circulation 
and  by  zonal  eddies,  averaged  for  two  days,  at  four  times  during  the  simulation. 


from  the  zonal  average,  and  the  superior  bars 
denote  the  time  average.  This  model  has  no 
horizontal  transport  of  ozone  by  sub -grid -sc ale 
diffusion.  The  transports  shown  are  two-day 
averages  at  four  times  during  the  simulation.  The 
transports  are  highly  variable  in  time.  Through- 
out the  period  of  integration,  the  transport  by 
the  mean  meridional  circulation  dominates  in  the 
tropics  and  carries  ozone  from  the  summer 
hemisphere  into  the  winter  hemisphere,  with 
only  a weak  counter-transport  by  the  eddies.  In 
the  middle  latitudes  of  both  hemispheres,  the 
two  transports  have  about  equal  magnitude,  with 
the  mean  meridional  circulation  transporting 
ozone  away  from  the  poles  and  the  eddies 
transporting  ozone  toward  the  poles. 

Figure  16  shows  meridional  cross-sections  of 
the  northward  ozone  transport  by  the  mean 


meridional  circulation  and  by  the  zonal  eddies, 
and  the  sum  of  the  two  transports,  averaged  for 
the  last  two  days  of  simulation.  The  direction  of 
the  transport  by  the  mean  meridional  circulation 
agrees  closely  with  the  sign  of  the  time-averaged 
mean  meridional  mass  circulation  shown  in 
Figure  7.  This  suggests  that  the  so-called 
“oscillating-cell”  component  of  the  ozone  trans- 
port is  small  (in  this  two-day  average).  The  largest 
transports  by  the  mean  meridional  circulation  are 
in  the  tropical  stratosphere,  and  the  maxima 
there  are  several  times  greater  than  the  eddy 
transports. 

The  northward  ozone  transport  by  the 
eddies,  shown  in  the  middle  part  of  Figure  16, 
also  has  a complex  structure.  The  eddy  transport 
of  ozone  is  toward  the  poles  in  the  middle  and 
lower  stratosphere  and  toward  the  equator  in  the 
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Meridional  cross-sections  of  the  northward  transports  of  ozone, 
averaged  over  the  last  two  days  of  the  simulation  (Days  75-76). 
Top:  northward  transport  by  the  mean  meridional  circulation; 
contours  shown  for  0,  5,  10,  20,  and  50  tons/sec  per  model  layer. 
Middle:  northward  transport  by  zonal  eddies;  contours  shown  for  0, 
1,  2,  5,  and  10  tons/sec  per  model  layer.  Bottom:  total  northward 
transport;  contours  shown  for  0,  5,  10,  20.  and  50  tons/sec  per 
model  layer. 
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upper  and  middle  troposphere.  This  distribution 
is  consistent  with  the  known  energetics  of  the 
atmosphere.  In  the  troposphere,  eddy  available 
potential  energy  is  converted  into  eddy  kinetic 
energy  by  the  poleward -moving  (warm)  air  rising 
and  the  equatorward -moving  (cold)  air  sinking, 
and  we  expect  the  sinking  air  to  contain  more, 
ozone  than  the  rising  air.  On  the  other  hand,  in 
the  lower  and  middle  stratosphere,  eddy  kinetic 
energy  is  converted  into  eddy  available  potential 
energy  by  the  poleward-moving  (warm)  air 
sinking  and  the  equatorward -moving  (cold)  air 
rising,  so  that  the  eddy  transport  of  ozone  there 
should  be  poleward.  The  vertically  integrated 
eddy  transport  of  ozone,  shown  in  Figure  15,  is 
the  small  difference  between  the  large  poleward 
eddy  transport  in  the  stratosphere  and  the  large 
equatorward  eddy  transport  in  the  troposphere. 

The  total  northward  ozone  transport,  shown 
at  the  bottom  of  Figure  16,  has  roughly  the  same 
pattern  as  the  transport  by  the  mean  meridional 
circulation  in  the  tropical  latitudes,  but  in  the 
middle  and  higher  latitudes  it  is  somewhat  more 
like  the  eddy  transport. 

Figure  17  shows  meridional  cross-sections  of 
the  vertical  transports  of  ozone  by  the  mean 
meridional  circulation.  [S]  [q] , by  the  zonal 
eddies,  [S*q*] , and  the  total  transport,  [Sq], 
averaged  for  the  last  two  days  of  the  simulation. 
Here  S = (2?ra  cos <p)  (aA 0)  II  a,  where  A <t>  is  the 
angular  increment  in  the  meridional  direction 
(4°),  a is  the  vertical  o-velocity,  and  the  other 
symbols  are  as  defined  above.  This  model  has  no 
vertical  transport  of  ozone  by  sub-grid-scale 
diffusion.  In  the  two-day  average,  the  vertical 
transport  of  ozone  by  the  mean  meridional 
circulation  shows  the  alternations  in  sign  that 
correspond  closely  (but  not  exactly)  with  the 
sinking  and  rising  branches  of  the  two-day 
averaged  mean  meridional  mass  circulation.  In 
the  troposphere,  the  downward -moving  branches 
of  the  circulation  cells  carry  the  ozone  into  and 
through  the  lowest  model  layer  where  there  is 
surface  destruction  of  ozone;  consequently,  the 
branches  of  the  cells  which  move  upward,  out  of 


strong  downward  ozone  transport  is  the  continu- 
ation of  a downward  transport  of  ozone  by  the 
descending  branch  of  the  stratospheric  mean 
meridional  mass  circulation  that  was  described 
above.  In  the  summer  stratosphere,  this  part  of 
the  ozone  transport,  like  the  circulation  itself, 
has  a very  complex  structure. 

The  vertical  transport  of  ozone  by  zonal 
eddies,  shown  in  the  middle  part  of  Figure  17,  is 
downward  almost  everywhere  in  the  troposphere 
and  in  the  lower  stratosphere,  and  is  upward 
almost  everywhere  in  the  upper  stratosphere. 
Comparing  these  vertical  eddy  transports  with 
the  zonally-averaged  ozone  mixing  ratios  shown 
in  Figure  1 1 shows  that  they  are  downgradient 
eddy  transports. 

The  bottom  part  of  Figure  17  shows  the 
total  vertical  ozone  transport.  It  indicates  that  it 
is  the  combined  effect  of  the  mean  meridional 
transport  and  the  eddy  transport  which  supports 
the  large  surface  destruction  rates  near  25°N  and 
20°S  shown  in  Figure  14. 

Figure  18  shows  the  global  mean  of  the 
vertical  ozone  transports.  These  are  the  sums, 
from  pole  to  pole,  of  the  transports  shown  in 
Figure  17.  We  see  that  for  the  globe  as  a whole 
the  vertical  ozone  transport  by  the  grid-scale 
eddies  is  several  times  larger  than  the  transport 
by  the  mean  meridional  circulation. 

Because  the  model  has  no  ozone  source  or 
sink  between  the  100-mb  level  and  the  top  of  the 
lowest  model  layer  (where  the  average  pressure  is 
about  800  mb),  the  vertical  ozone  transport  will 
be  constant  with  height  through  this  part  of  the 
domain  when  the  ozone  field  is  in  a steady  state. 
But,  as  Figure  18  shows,  this  is  not  yet  the  case. 
Between  100  mb  and  400  mb,  the  vertical  ozone 
transport  is  diverging  at  the  rate  of  36  tons/sec; 
and  between  400  mb  and  the  top  of  the  lowest 
model  layer,  it  is  converging  at  the  rate  of  36 
tons/sec.  The  downward  transport  at  the  top  of 
the  lowest  model  layer  is  34  tons/sec,  which  is 
about  15  tons/sec  larger  than  the  rate  of  the 
surface  destruction  at  this  time.  We  shall  con- 
tinue the  simulation  until  the  ozone  approaches 
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Figure  17.  Meridional  cross-sections  of  the  vertical  transports  of  ozone, 
averaged  over  the  last  two  days  of  the  simulation  (Days  75-76). 
Top:  downward  transport  by  the  mean  meridional  circulation; 
contours  shown  for  0.  2.  5,  10,  and  20  tons/sec  per  4"  latitude. 
Middle:  downward  transport  by  zonal  eddies;  contours  shown  for  0, 
0.5,  1,  2.  and  5 tons/sec  per  4°  latitude.  Bottom:  total  downward 
transport;  contours  shown  for  0,  2.  5,  10.  and  20  tons/sec  per  4° 
latitude. 


220 


PRESSURE  (mb)  PRESSURE  (mb)  PRESSURE  (mb) 


MMM 


MINTZ  AND  SCHLESINGER 


TRANSPORT  (tons/sec) 

Figure  18.  Vertical  profiles  of  the  global  vertical 
ozone  transport.  Positive  values  are 
downward. 

SUMMARY  AND  CONCLUSIONS 

We  have  described  a three-dimensional  global 
atmospheric  general-circulation  model  which 
extends  from  the  earth’s  surface  to  the  strato- 
pause.  Its  circulation,  radiational  heating,  and 
ozone  photochemistry  are  fully  coupled  and 
interactive.  We  have  also  presented  some  results 
from  the  early  part  of  a simulation  of  the  general 
circulation  that  was  made  with  this  model, 
showing  the  zonally-averaged  temperature  and 
velocity  fields  and  the  ozone  production  and 
transport. 

The  simulation  has  not  yet  been  carried  far 
enough  for  the  prognostic  variables  of  the  model 
to  have  reached  their  long-term,  statistically- 
steady  equilibrium  states.  But  the  results,  at  this 
stage,  with  certain  exceptions,  are  already  in 
fairly  good  agreement  with  what  we  know  about 
the  real  atmosphere  from  observations.  We  are 
therefore  inclined  to  accept  those  parts  of  the 
results  which  are  not  known  from  observations, 
and  which  are  very  difficult  to  obtain  from 
observations,  as  being  correct  zeroth-order 
approximations  of  the  real  atmosphere.  With 
respect  to  ozone,  these  results  are:  that  the 


vertically  integrated  latitudinal  transport  of 
ozone  in  the  tropics  consists  almost  entirely  of 
a large  transport  from  the  summer  to  the 
winter  hemisphere  by  the  mean  meridional  cir- 
culation, but  in  the  middle  and  higher  latitudes 
it  is  the  small  difference  between  a large  pole- 
ward  transport  by  the  eddies  and  a large  equator- 
ward  transport  by  the  mean  meridional  circula- 
tion; that  the  vertically  integrated  latitudinal 
transport  by  the  eddies  is,  itself,  the  small 
difference  between  a large  eddy  transport  toward 
the  poles  in  the  middle  and  lower  stratosphere 
and  a large  eddy  transport  toward  the  equator  in 
the  upper  and  middle  troposphere;  and  that  in 
the  zonal  average  the  largest  vertical  transports  of 
ozone  are  in  the  descending  branches  of  the 
mean  meridional  circulation,  but  in  the  global 
average  the  vertical  eddy  transport  of  ozone  is 
several  times  larger  than  the  vertical  transport  by 
the  mean  meridional  circulation. 

The  principal  deficiency  of  the  model  is  that 
both  the  ozone  amounts  and  the  temperatures 
are  somewhat  too  low  in  the  upper  troposphere 
and  in  the  stratosphere  in  the  polar  regions  of 
both  hemispheres.  This  seems  to  be  the  result  of 
the  model  atmosphere's  not  having  yet  developed 
tropospheric  and  stratospheric  ultra-long  waves 
of  sufficiently  large  amplitude,  so  that  the 
poleward  eddy  transports  of  heat  and  of  ozone 
are  too  small.  Whether  the  ultra-long  waves  will 
grow  in  amplitude  and  produce  larger  poleward 
transports  of  heat  and  ozone  as  the  simulation 
continues  remains  to  be  seen. 
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DISCUSSION 

A.  MILLER:  Because  of  the  interest  shown  in  the 
transport  of  tracer  substances,  1 feel  1 should  mention 
that  we  at  the  National  Weather  Service  are  starting  a 
program  in  which  we  are  actually  going  to  calculate  the 
vertical  and  horizontal  transports  of  ozone  in  the  middle 
stratosphere,  utilizing  the  ozone  mixing  ratios  from  the 
backscattered-ultraviolet  ozone  experiment  on  the 
Nimbus  4 spacecraft. 

CRUTZEN:  1 am  disappointed  that  we  haven’t  resolved 
the  question  of  eddy-diffusion  coefficients.  One  of  the 
things  which  Dieter  Ehhalt  and  I have  done  with 
methane  - and  Don  Hunten  referred  to  this  - has  been 
to  try  to  get  the  eddy-diffusion  profiles  from  the 
methane  and  N20  data.  Now,  the  model  which  Dieter 
was  using  for  that  was  the  model  which  I had  developed 
in  Stockholm.  We  had  a small  computer,  and  we  simply 
couldn’t  afford  to  do  extensive  time-dependent  calcula- 
tions. So,  I had  the  sun  fixed  at  about  45°  in  that 
model.  We  let  the  chemistry  work,  and  then  Dieter  tried 
to  fit  his  diffusion  profile  to  the  measurements.  Now,  as 
Don  said,  in  that  model  the  sun  is  on  for  24  hours.  You 
must  be  careful  when  using  eddy-diffusion  coefficients 
derived  in  that  way.  If  you  are  going  to  use  a model 
similar  to  the  simple  one  which  1 had,  okay.  But  if  you 
are  going  to  apply  the  coefficients  to  a model  which  has 
a diurnal  cycle  in  it,  or  which  has  transport  working  for 
24  hours  and  chemistry  for  12  hours,  then  I recommend 
tha*  you  divide  these  eddy-diffusion  coefficients  by  2. 
That’s  probably  the  best  thing  you  can  do.  If  you  do 
that  in  Harold  Johnston’s  case,  you  would  probably  get 
a little  better  correspondence  with  the  carbon- 14  data. 

I also  claimed  in  that  same  paper  that  most  of  the 
carbon- 14  was  dumped  ir  the  stratosphere  not  as 
I4C02,  but  as  1 4CO.  So  1 was  wrong  there.  Forget  that 
point.  The  reason  for  the  formation  of  ,4C02  is  that 
there  is  a lot  of  radiation  chemistry  going  on.  In  fact. 


reactions  between  carbon  and  nitrogen  are  involved, 
which  was  very  surprising  to  me. 

CHANG:  Paul  just  described  some  of  his  calculations.  In 
our  calculation,  we  used  McElroy’s  loss  rate  for  CH4.  In 
fact,  I compared  Crutzen’s  CH4  loss  rate,  as  it  appeared 
in  his  1971  JGR  paper,  with  my  own  and  McElroy’s 
CH4  loss  rates.  Between  15  and  40  kilometers,  the  three 
loss  rates  seem  to  agree  within  5%  or  so.  Indeed,  as  Don 
Hunten  suggested,  on  the  top  - from  45  to  55  kilo- 
meters, say  - if  you  don’t  consider  diurnal  sun,  you  are 
indeed  doubling  this  loss  rate,  which  was  just  verified. 

ACKERMAN:  1 have  been  surprised  to  see  CH4  being 
used  so  much  to  try  to  evaluate  these  eddy-diffusion 
coefficients.  There  has  been  no  use  of  the  spectroscopic 
results  obtained  by  Lowe  and  McKinnon,  and  by  Muller 
and  myself,  on  vertical  profiles  of  CH4.  I would  like 
to  add  that  recently,  using  the  Girard  spectrometer  to 
look  for  NO  and  N02,  we  got  new  information  on 
methane.  Within  experimental  error,  these  methane  data 
do  not  indicate  any  decrease  of  mixing  ratio  below  25 
kilometers. 

CALLIS:  We  have  performed  some  one-dimensional 
calculations  to  estimate  the  sensitivity  of  surface  tem- 
perature to  ozone  reduction,  and  our  model  says  that  if 
you  reduce  ozone  the  surface  temperature  has  to 
decrease,  while  Mike  MacCracken’s  mode!  says  that  the 
surface  temperature  has  to  increase.  I think  the  basic 
difference  is  not  because  one  is  i-D  and  the  other  2-D. 
Mike  MacCracken  has  neglected  the  9.6-micron  band  of 
ozone.  When  you  reduce  ozone,  you  reduce  the  green- 
house effect  of  this  band.  In  fact,  we  have  also 
performed  calculations  with  the  1-D  model  neglecting 
this  band,  and  in  that  case  we  predict  an  increase  in  the 
surface  temperature.  So  I think  the  difference  between 
the  two  models  is  in  the  treatment  of  the  9.6-micron 
band  and  not  in  the  number  of  dimensions. 

MacCRACKEN:  1 agree. 
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ABSTRACT:  The  present  paper  describes  results  in  three  problem  areas:  (1)  the  effect  of  Rayleigh 
scattering  on  the  photodissociation  rates  in  the  stratosphere,  (2)  use  of  a 1-D  stratospheric  model 
which  calculates  atmospheric  temperature  profiles  from  profiles  of  optically  active  constituents 
determined  within  the  model,  and  (3)  the  effect  of  perturbations  of  stratospheric  constituents  on 
surface  temperature  and  the  earth/atmosphere  energy  balance. 

It  is  shown  that  Rayleigh  scattering  may  substantially  alter  the  stratospheric  photodissociation 
rates.  The  effects  of  these  changes  are  examined  with  the  aid  of  a 1-D  photochemical  model.  This 
model  is  also  used  to  examine  the  effect  of  coupling  the  determination  of  the  optically  active  species 
in  the  stratosphere  (02,  N02,  HjO,  and  (X>2)  with  the  determination  of  the  atmospheric  temperature 
profile,  by  means  of  a radiative-convective  model.  The  sensitivity  of  the  surface  temperature  of  the 
earth  to  changes  in  the  stratospheric  03  and  N02  is  examined.  The  “albedo  effect”  associated  with 
the  Oj  and  N02  concentration  changes  is  accounted  for  and  discussed. 


INTRODUCTION 

During  the  course  of  the  CIAP  studies, 
substantial  effort  has  been  devoted  to  the  accu- 
rate determination  of  the  chemical  and  photo- 
chemical rate  constants.  These  constants  consti- 
tute an  important  body  of  input  data  to  the  I-, 
2-,  and  3-D  stratospheric  models  from  which 
impact  assessments  are  drawn.  One  of  the  con- 
siderations of  this  paper  is  the  determination  of 
the  importance  of  Rayleigh  scattering  to  the 
calculation  of  stratospheric  photodissociation 
rates  within  the  wavelength  interval  0.175<A< 
0.73  pm.  Scattering  can  affect  the  determination 
of  these  rates  by:  (1)  reducing  the  intensity  of 
the  direct  solar  beam  at  various  levels  of  the 
atmosphere,  and  (2)  providing  a diffuse  intensity 
field  via  the  multiple  molecular  scattering.  These 
effects  tend,  respectively,  to  decrease  and 
increase  the  stratospheric  photodissociation 
rates.  The  section  on  Rayleigh-scattering  effects 
examines  the  question  of  the  net  results  of 
increase  and  decrease  of  dissociation  rates,  as 
well  as  effects  on  clouds,  surface  reflectivity,  and 
zenith  angle.  This  question  was  first  discussed  by 
Callis  (1974).  The  present  work  expands  upon 
these  results  and  examines  the  effect  of  these 
rate  changes  on  the  stratospheric  constituent 
profiles  as  determined  by  a 1-D  photochemical 
model. 


The  present  paper  also  discusses  solutions 
which  result  from  the  coupling  of  a 1-D  photo- 
chemical model  with  an  equilibrium  radiative- 
convective  model.  The  solutions  are  coupled  in 
the  sense  that  the  temperature  profile  between 
0<z<50km  is  derived  from  specified  profiles  of 
C02  and  H20  and  with  profiles  of  O3  and  N02 
determined  from  the  photochemical  model.  The 
coupling  between  the  temperature  structure  and 
the  photochemistry  is  of  interest,  since  changes 
in  the  03  profile  will  be  reflected  in  a changed 
temperature.  The  meridional  temperature  distri- 
bution is  dynamically  and  climatically  signifi- 
cant. Studies  with  a 1-D  model  represent  a 
necessary  first  step  in  the  development  of  an 
understanding  of  these  interactions.  Others  who 
have  examined  these  interactions  (McElroy  et  al., 
1974;  Blake  and  Lindzen.  1973;  Rao.  1970)  have 
used  thermal  codes,  in  conjunction  with  photo- 
chemical models,  but  they  do  not  account  for 
effects  associated  with  the  hot  bands  of  C02, 
Doppler  broadening,  and  surface  temperature,  all 
of  which  can  be  significant.  In  addition,  these 
codes  are  usually  formulated  as  parameteriza- 
tions  and  are  not  sensitive  to  local  perturbations 
of  the  stratospheric  constituents.  The  present 
work  is  not  limited  in  this  manner.  The  thermal 
code  (Ramanathan,  1974)  accounts  for  contribu- 
tions due  to  the  9.6-pm  band  of  O3,  the  funda- 
mental bands  of  four  C02  isotopes  as  well  as  six 


I 


CALLIS,  RAMANATHAN,  BOUGHNER,  AND  BARKSTROM 


hot  bands  of  C02,  and  the  vibration-rotation  and 
pure  rotation  bands  of  H20  (important  for 
tropospheric  and  thermal-balance  considera- 
tions). The  method  is  efficient  and  sensitive  to 
local  constituent  perturbations,  and  its  results 
compare  favorably  with  the  more  detailed  results 
of  Dickinson  (1973)  and  Manabe  and  Strickler 
(1964). 

The  paper  also  presents  preliminary  results 
of  an  analysis  (Ramanathan  et  al.,  1975)  of  the 
effects  of  perturbations  of  stratospheric  03  and 
N02  on  the  earth/atmosphere  energy  balance. 
The  calculations  were  conducted  using  the  above- 
mentioned  thermal  code  and  a multiple- 
scattering code  from  Callis  (1972).  This  work 
provides  preliminary  information  on  the  sensi- 
tivity of  the  surface  temperature  of  the  earth,  Ts, 
to  changes  in  stratospheric  constituents.  Despite 
the  inherent  limitations  of  using  globally  aver- 
aged radiative-convective  models  in  such 
analyses,  important  trends  can  be  exposed  and 
sensitivity  factors  generated. 


EFFECT  OF  RAYLEIGH  SCATTERING 
ON  PHOTODISSOCIATION 


The  photodissociation  rate  of  the  i,h  species. 
J;,  at  a given  altitude  z is  given  by  the  following 
expression  ■ 


Jj(z)  = nj(z)  j f l"(X)0j(X)T7j(X)  exp  | (rs”(X) 

[ A A 


- rs(X,z)  + Ta“(X)  - ra(X,z)  )m  dX 


♦/ 

AX 


M 


I(X,z)Oj(X)r}j(X)  dX 


(1) 


where  n;  is  the  number  density,  ax  the  absorption 
cross-section,  rjj  the  quantum  efficiency,  p the 
cosine  of  the  solar  zenith  angle,  I”  the  solar 
intensity  at  the  top  of  the  atmosphere,  I the 
diffuse  intensity  integrated  over  all  solid  angles. 
Tj“  and  ra"  the  total  optical  depth  due  to 
scattering  and  absorption  respectively,  and  where 
r,  and  Ta  are  the  optical  depths  due  to  scattering 


and  absorption  at  the  altitude  of  interest.  It  is  to 
be  .expected  that  scattering  processes  will  be 
significant  if  ts"  = 0(ra"). 

Figure  1 presents  the  variation  of  rs“  and 
r-  + Ta°°  as  a function  of  wavelength,  X.  The 
absorption  and  scattering  properties  of  the 
atmosphere  were  calculated  as  follows:  number 
densities  from  the  U.S.  Standard  Atmosphere, 
1962,  03  number-density  profile  from 

McClatchey’s  (1972)  midlatitude  summer  distri- 
bution, spectral  intervals  and  cross-sections  of  02 
and  O3  and  flux  of  solar  photons  from 
Ackerman  (1971),  and  the  Rayleigh-scattering 
cross-sections  from  Penndorf  (1957).  Figure  1 
indicates  that,  for  0.20  < X < 0.73  pm,  rs  repre- 
sents a non-negligible  part  of  the  total  optical 
depth  of  the  atmosphere,  the  minimum  relative 
contribution  occurring  at  0.255  pm. 


.1  2 .3  .4  .5  .6  .7 

A,  microns 

Figure  I.  Spectral  variation  of  atmospheric  normal 
optical  depth  due  to  scattering  and 
absorption. 


An  anisotropic  multiple-scattering  radiation- 
transfer  code  (Callis,  1972)  has  been  employed 
to  calculate  the  diffuse  intensity  field  at  40 
equally  spaced  altitude  intervals  between  0 and 
50  km  and  for  170  frequency  intervals 
(Ackerman,  1971)  between  0.175  pm  and  0.735 
pm.  The  diffuse  field  and  the  attenuated  solar 
beam  were  then  used  in  conjunction  with  equa- 
tion (1)  to  calculate  photodissociation  rates  as  a 
function  of  zenith  angle  and  surface  reflectivity, 
as  well  as  cloud  cover  and  cloud  reflectivity. 
Calculations  were  performed  for  the  reactions 
shown  as  equation  (2) 
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02  + hv-2CX3P) 

03  +lw~0(3P)  +02 
03  + hK-0(1D)  + 02 
N02  + Iw  - NO  + O 
N02  + hv  -»  NO  + 0( 1 D) 
HNOj  + hv  -» OH  + N02 
HN02  + hv-OH  + NO 
H20  + hi/-»OH  +H 
H202  + hv-20H 
NO-j  + hv-»  NO  + O2 
N20  + h»--N2  +0('D) 


I < X < 0. 
X < 0. 


X < 0. 
I < X < 0. 
I < X < 0, 
I < X < 0. 
I < X < 0, 

; < x «s  0. 

I < X < 0. 


2420 
3 ICO 
3100 
3980 
2440 

3200  (2) 

4000 

1980 

4358 

6750 

3125 


where  the  spectral  intervals  in  which  photo- 
dissociation takes  place  are  indicated.  Typical 
results  are  presented  in  Figures  2-5. 

Figure  2 presents  the  variation  of  the  ratio 
of  the  photodissociation  rate  with  scattering  to 
the  rate  without  scattering,  J/J0,  as  a function  of 
altitude  for  p = -0.6  and  a surface  reflectivity 
Rs  = 0.  Foi  purposes  of  explanation,  consider 
two  of  the  curves,  the  photodissociation  of  NO2 
to  yield  0(3P),  which  occurs  within  a spectral 
region  of  moderate  optical  thickness  (t  0.3), 
and  the  breakup  of  N02  to  yield  (X1  D),  which 
occurs  in  a relatively  thick  region  of  the  spectrum 
(r  30).  In  the  former  case,  the  solar  radiation 
easily  penetrates  to  the  lower  atmosphere  (z  < 
12  km)  where  the  bulk  of  the  scattering  occurs. 
The  reflected  radiation,  due  to  the  moderate 
optical  depths  above  12  km,  is  transmitted  with 
little  attenuation  back  to  space.  The  combination 
of  the  resultant  diffuse  field,  and  the  small  effect 
of  scattering  on  the  direct  beam  above  15  km, 
leads  to  substantial  increases  in  the  photodisso- 
ciation rates.  For  N02  [-K)(3P)] , a 45%  increase 
is  noted  at  15  km;  for  03[->O(3P)]  the  increase 
is  26  percent. 


NOjt-Voi] 


0 < .1  1.2  It  2.0  2.4  2.1  12 

),J0 

Figure  2.  Rayleigh-scattering  effects  on  photo- 
dissociation rates  of  03(-O(*D)|, 

03[-*0(3P)l,  and  N02(-0(3P)1  « a 
function  of  altitude. 


For  the  photodissociation  of  03  and  N02 
yielding  0(*D),  and  of  02,  the  results  are 
substantially  different.  These  processes  occur  in  a 
part  of  the  spectrum  where  the  absorption 
processes  are  substantially  stronger  and  the  opti- 
cal depths  larger.  Due  to  the  large  t,  radiation 
scattered  in  the  lower  layers  is  strongly  attenu- 
ated between  10  and  20  km  and  little  diffuse 
radiation  is  experienced  above  20  km.  The  result 
is  a decline  in  the  ratio  J/J0  (due  to  radiation 
scattered  out  of  the  incident  beam)  between  50 
and  20  km.  The  increase  in  the  ratio  below  20 
km  is  attributed  to  the  presence  of  a small 
diffuse  field  and  the  rapidly  diminishing  inten- 
sity of  the  direct  beam.  Below  10  km,  the 
absorption  is  such  that  the  diffuse  field  is  driven 
to  zero  more  strongly  than  the  direct  beam. 
From  a practical  point  of  view,  the  excursion  of 
the  ratio  J/J0  between  10  and  20  km  is  inconse- 
quential since,  due  to  the  large  optical  depths, 
these  photochemical  rates  are  extremely  small  at 
altitudes  below  about  25  km.  Figure  3 shows 
similar  curves  for  the  remainder  of  the  reaction 
rates.  Similar  changes  in  the  rates  due  to  scatter- 
ing are  noted. 


Figure  3. 


1.6  2.0 


Rayleigh-scattering  effects  on  photo- 
dissociation rates  of  H20,  HNO3,  H202. 
and  HNOj  as  a function  of  altitude. 


Figure  4 represents  the  variation  of  the  ratio, 
J/Jq,  with  variation  in  zenith  angle.  The  profiles 
for  the  photodissociation  of  02  and  N02  yield- 
ing 0(3P)  are  typical  of  photodissociation  proc- 
esses that  occur  in  parts  of  the  spectrum  which 
are  respectively  optically  thick  and  moderately 
thick.  The  lower  sun  effectively  increases  the 
optical  depth  of  the  atmosphere.  This  leads  to  a 
decrease  in  those  rates  which  are  determined  in 
the  "thin”  part  of  the  spectrum.  For  rates  in  the 
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“thick”  part  of  the  spectrum,  a decrease  in  the 
upper  levels  is  noted  with  an  increase  in  the 
regions  below  25  km.  Once  again,  these  increases 
are  of  academic  interest  only,  for  reasons  already 
discussed. 


0 .4  .8  1.2  1.6  2.0  2.4 


Figure  4.  Effect  of  zenith  angle  on  photodissocia- 
tion  rates  as  a function  of  altitude. 

Figure  5 presents  results  obtained  with  a 
layer  having  reflectivity  of  0.4  at  5 km.  The 
radiation  field  is  not  calculated  for  lower  heights 
in  this  case.  This  configuration  approximates  the 
effect  of  a cloud  layer  at  5 km  on  photo- 
dissociation rates,  which  is  substantial.  The 
increased  diffuse-intensity  field  due  to  the  clouds 
raises  the  maximum  value  of  J/J0  for  N02  from 
1.45  to  1.64;  for  03  the  increase  is  from  1.16  to 
1.51. 

It  is  clear  that  the  effects  of  Rayleigh 
scattering  and  scattering  from  clouds  sub- 
stantially affect  the  photodissociation  rates 
within  the  stratosphere.  The  sensitivity  of  I-D 
model  results  to  such  changes  in  the  photo- 
chemical rates  will  be  discussed  in  a later  section. 


THERMAL-STRUCTURE  AND 
THERMAL-BALANCE  STUDIES 

In  order  to  gain  a more  complete  under- 
standing of  the  impact  of  perturbations  of 
stratospheric  constituents,  work  at  Langley  has 
been  directed  toward  the  development  of  codes 
which  would  permit  the  determination  of  the 
temperature  structure  with  either  given  or  calcu- 
lated profiles  of  03,  N02,  C02,  and  H20. 
Preliminary  results  have  been  reported  by 
Ramanathan  (1974).  The  present  section  pre- 
sents additional  results  on  the  thermal  structure 
obtained  from  this  model.  Results  are  also 
presented  of  studies  of  the  earth/atmosphere 
thermal  balance,  conducted  with  the  previously 
discussed  solar-scattering  code  used  in  conjunc- 
tion with  the  thermal  code. 

Figure  6 (Ramanathan  et  al„  1975)  shows 
results  for  the  atmospheric  thermal  structure  for 
three  cases:  the  unperturbed  atmosphere,  the 
atmosphere  with  a 30%  03  reduction  between  12 
and  40  km  for  8=0,  and  the  same  reduced- 
ozone  atmosphere  for  5 = +6.  The  parameter  8 is 
the  negative  of  the  ratio  of  the  change  in  N02  to 
the  change  in  03.  For  8 = +6,  the  N02  is  180% 
of  the  ambient  values.  Calculations  for  A03  = 
-30%  and  6 = +6  indicate  general  reduction  of  the 
stratospheric  temperature  with  small  decreases  in 
the  tropospheric  and  ground  temperatures,  Ts. 
The  maximum  AT  is  seen  to  be  -4.5K  near  37  km 
with  a temperature  change  at  16  km  of -2.5K. 
For  A03  = -30%  and  8=0,  which  indicates  no 
change  in  ambient  levels  of  N02,  the  reduction 
of  temperature  is  somewhat  larger,  up  to  -7K  at 
37  km  and  -3.5K  at  16  km.  The  difference 
between  the  two  cases  is  due  to  the  compen- 
sating effect  of  absorption  by  N02  in  the  solar 
part  of  the  spectrum.  These  calculations  assume 


an  03  distribution  given  by  Krueger  and  Minzner 
(1973),  an  N02  distribution  from  the  modeling 
work  of  Chang  (1974),  and  a cloud  cover  of 
44.6%,  cloud  reflectivity  Rc  = 0.515,  ground  re- 
flectivity Rg  = 0.105,  and  cloud-top  altitude  zc  = 
6.25  km.  The  potentially  most  significant  re- 
sult from  such  changes,  should  they  be  experi- 


enced in  the  tropical  regions,  may  be  the  effect 
on  stratospheric  H20  levels.  If  one  subscribes  to 
the  theory  that  the  tropical  tropopause  tempera- 
ture minimum  provides  an  effective  “cold  trap” 
for  upwelling  H20,  then  changes  of  2-3K  can  be 
significant  relative  to  the  upward  H20  flux  into 
the  stratosphere.  For  example,  at  I5°N  latitude. 
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the  annual-average  value  of  T at  16.5  km  is 
193K.  The  corresponding  mass  mixing  ratio  for 
H20  saturation  is  3.44(1CH>).  A reduction  of 
temperature  by  3K  results  in  a saturation  mixing 
ratio  of  2.08(10'6),  a 40%  drop.  If  the  tropical 
tropopause  temperature  does  play  a major  role  in 
establishing  the  levels  of  stratospheric  water 
vapor,  then  a 3K  drop  in  temperature  could  be 
significant.  Mastenbrook  (1971)  reports  that 
measurements  of  the  water-vapor  cycle  in  the 
stratosphere  indicate  that  such  a correlation  of 
the  stratospheric  concentrations  of  H20  with  the 
tropical  tropopause  temperature  indeed  exists. 
Thermal-balance  calculations  indicate  that  a 
reduction  of  the  stratospheric  H20  mass  mixing 
ratio  to  levels  of  2.0(10‘6)  would  result  in  a 
cooling  of  the  surface  temperature  by  0.28K 
under  the  assumptions  of  a radiative-convective 
model. 


Figure  6.  Perturbed  and  unperturbed  radiative- 
convective  equilibrium  temperature  pro- 
files for  constant  cloud-top  altitude, 
average  cloudiness,  and  half  day  of  full 
sun.  (From  Ramanathan  et  al.,  1975.) 

The  NASA  Langley  scattering  and  thermal 
codes  were  also  used  in  an  examination  of  the 
effect  on  surface  temperature  of  03  reductions 
in  the  presence  of  N02.  Calculations  were  carried 
out  under  the  assumptions  of  a radiative- 
convective  model  with  previously  described 
unperturbed  profiles  of  03,  N02,  and  atmo- 
spheric number  density.  The  results  are  shown  in 
Figure  7 for  a constant  cloud-top  altitude  of  6.25 
km  for  8=0,  +6,  and  +10,  with  and  without  the 
“albedo  effect.”  The  “albedo  effect”  refers  to 
the  fact  that  with  a reduction  of  the  strato- 
spheric 03,  the  solar  beam  will  be  allowed  to 
penetrate  more  effectively  to  the  Rayleigh 
scattering  layer.  The  backscattered  radiation,  as  a 
result  of  the  diminished  column  density  of  03 


above  it,  is  more  easily  able  to  escape  to  space. 
Consequently,  the  03  reduction  results  in  an 
increase  of  the  albedo  of  the  earth/atmosphere 
system. 
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Figure  7.  Surface  temperature  change  as  a function 
of  03  reduction  and  6 for  constant-cloud- 
top-altitude  model.  (From  Ramanathan 
et  al.,  1975.) 

The  results  shown  in  Figure  7 indicate  an 
increase  in  surface  temperature,  Ts,  with  decreas- 
ing 03  in  the  absence  of  the  scattering  or  the 
“albedo  effect.”  This  is  explained  by  noting  that 
with  a decrease  in  03,  the  stratospheric  tempera- 
tures decrease.  A corresponding  decrease  in  the 
outward  longwave  flux  is  observed.  To  compen- 
sate for  this  and  restore  thermal  balance,  Ts  must 
increase.  The  largest  increases  are  shown  for  8 = 
0,  that  is,  without  a compensating  effect  of  the 
N02  solar  absorption.  Differences  in  the  results 
when  the  overriding  “albedo  effect”  is  included 
are  dramatic,  with  ozone  reductions  now  leading 
to  a reduction  in  the  surface  temperature  of  the 
earth.  The  largest  differences  are  for  the  case 
where  8=0,  ATS  = -0.43K  for  a 50%  03 
reduction.  Once  again,  the  N02  provides  a 
compensating  effect,  as  shown  by  the  curves  for 
8 = +6  and  +10.  The  predicted  shift  in  the 
surface  temperature  of  the  earth  will  lead  to  a 
difference  in  the  water-vapor  content  of  the 
troposphere.  Since  the  radiative-convective 
model  assumes  a constant  relative  humidity,  a 
decrease  of  the  average  tropospheric  temperature 
will  lead  to  an  attendant  decrease  in  the  column 
density  of  H20  in  the  troposphere.  This  in  turn 
will  provide  an  additional  “albedo  effect”  not 
accounted  for  in  the  present  results.  Estimates 
indicate  that  this  effect  will  cause  further  tem- 
perature drops,  changing  ATS  by  approximately 
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8%.  Thus,  the  importance  of  the  molecular 
scattering  processes  in  atmospheric  thermal- 
balance  studies  related  to  the  03-N0x  problem  is 
not  to  be  overlooked. 

Figure  8 provides  additional  perspective  on 
the  role  of  scattering  in  thermal-balance  studies 
when  O3  is  being  reduced  in  the  presence  of 
N02.  The  albedo  change  Aa  is  plotted  as  a 
function  of  percentage  03  reduction  with  6=0, 
+6,  and  +10.  The  major  change  in  a occurs  when 
6 = 0,  or  in  the  absence  of  the  compensating 
N02  absorption.  This  indicates  that  a given 
reduction  of  03  due  to  interactions  with  C10x 
(6  = 0)  will  have  more  of  an  impact  on  the 
thermal  balance  than  a similar  reduction  of  03 
due  to  interaction  with  NOx  (6  < 5 < 10).  It  is 
also  interesting  to  note  that  the  albedo  changes 
associated  with  the  decrease  in  03  are  as  large  as, 
or  larger  than,  the  changes  noted  by  Herman 
(1974)  due  to  the  direct  effect  of  sulfate  aerosols 
in  the  altitude  range  15-25  km.  An  obvious  area 
for  future  investigation  is  an  assessment  of 
the  combined  effect  of  stratospheric  aerosols  and 
perturbations  of  03  and  N02  on  the  earth/ 
atmosphere  albedo. 


Figure  8.  Earth/atmosphere  albedo  change  as  a func- 
tion of  AOj  and  6 for  average  cloudiness. 
(From  Ramanathan  et  a!.,  1975.) 

In  addition  to  its  role  in  the  “albedo  effect” 
and  the  well-known  “greenhouse  effect,”  it  has 
been  shown  (Ramanathan  et  al.,  1975)  that  the 
atmospheric  thermal  balance  is  sensitive  to 
changes  in  the  vertical  distribution  of  03  for  a 
given  column  amount.  Using  Green’s  distribution 
(Lacis  and  Hansen,  1974)  for  the  unperturbed 
03,  this  sensitivity  is  illustrated  in  Figure  9 by 
the  parameter  Fq3.  This  parameter  is  the  differ- 
ence between  the  flux  emitted  by  the  atmo- 


spheric column  and  the  total  absorption  by  the 
atmospheric  column  of  the  surface  radiation  in 
the  9.6-pm-band  region.  The  negative  values 
indicate  that  more  radiation  is  absorbed  by  the 
column  than  is  emitted  by  it  in  that  band.  Figure 
9 illustrates  the  sensitivity  of  this  parameter  to 
the  altitude  of  peak  ozone  concentration.  The 
upper  curve  indicates  that  for  increasing  peak 
altitude,  zmax,  the  outward  longwave  flux  is  also 
increased.  This  is  a result  of  a decrease  in  the 
effective  broadening  pressure,  which  in  turn 
decreases  the  band  absorptance,  permitting  the 
additional  flux  to  escape.  Also  shown  on  the 
figure  is  the  curve  labeled  A03  = -30%,  referring 
to  a 30%  reduction  of  the  03  between  12  and  40 
km.  The  two  curves  illustrate  clearly  the  relative 
roles  of  the  two  phenomena  in  the  earth/ 
atmosphere  thermal  balance:  the  arrows  show 
that  a 2.8-km  increase  in  zmax  provides  a change 
in  Fo3  comparable  to  that  caused  by  a 30% 
reduction  of  03. 


Figure  9.  Effect  of  03  peak-concentration  altitude 
on  03  9.6-um  band  flux  at  top  of  atmo- 
sphere. Green’s  distribution  of  03  used 
with  column  density  = 0.344  cro  STP. 
average  cloudiness,  and  Ts  = 288K.  (From 
Ramanathan  et  al.,  1975.) 

COUPLED-MODEL  INVESTIGATIONS 

The  coupled,  steady-state  photochemical 
model  used  in  the  current  work  was  developed 
by  Boughner  (1975);  it  extends  from  0 to  50  km, 
has  40  equally  spaced  layers,  and  includes  19 
species  and  41  reactions.  Essentially,  the  eddy- 
diffusion  coefficients,  chemistry,  and  rates  of 
Chang  (1974)  were  used.  The  model  is  coupled 
with  the  previously  discussed  thermal  code,  and 
hence  can  determine  atmospheric  temperatures 
from  calculated  03  and  N02  profiles  with 
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appropriate  CO2  and  H2O  distributions.  The 
mixing  ratio  for  C02  is  taken  to  be  320  ppm. 
Water-vapor  content  in  the  troposphere  is  deter- 
mined by  an  assumed  relative  humidity.  In  the 
stratosphere,  the  minimum  mass  mixing  ratio  of 
H20  is  taken  to  be  3.0  ppm.  A tropospheric 
lapse  rate  of  -6.5  K/km  is  used  up  to  the 
calculated  tropopause.  The  model  is  interactive 
in  the  sense  that  calculated  temperatures  are  used 
to  determine  temperature-dependent  rate  con- 
stants, and  calculated  species  distributions  are 
used  to  determine  the  temperature  structure. 
Typical  results  are  presented  in  Figures  10 
through  12. 


Figure  10.  Profiles  of  O3,  N02,  and  NO  determined 
with  coupled  photochemical  model  for 
full  sun  at  4S°N  latitude,  during  the 
equinox. 
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Figure  1 1.  Comparison  of  vertical  temperature  profile 
determined  by  coupled  photochemical 
model.  Temperature  change  due  to  NOx 
injection  by  500  SST’s. 


Figure  10  represents  ambient  distributions 
of  NO,  N02,  and  03  determined  with  the 
coupled  model.  Also  shown  is  the  03  profile 
resulting  from  the  injection  ot  NO  at  20  km  by 
500  SST’s.  The  bulk  of  the  03  destruction,  as 
expected,  occurs  above  the  injection  altitude  and 
results  in  a column  decrease  of  03  of  approxi- 
mately 8%.  Our  studies  indicate  that  the  effect  of 
the  temperature  coupling  in  injection  studies  is 
to  reduce  the  O3  loss  by  approximately  10%. 
This  is  in  agreement  with  McElroy  (1974)  and  is 
attributed  to  the  fact  that  the  reduction  of  O3 
leads  to  a temperature  reduction,  thus  decreasing 
the  rate  at  which  NO  reacts  with  O3. 

The  temperature  profile  corresponding  to 
the  ambient  case  is  shown  on  Figure  1 1 in 
comparison  with  the  1962  Standard  Atmosphere. 
Agreement  is  excellent  above  22  km  where  the 
temperature  structure  is  less  affected  by  atmo- 
spheric dynamics.  Below  the  22-km  level,  trans- 
port processes  have  a larger  impact  on  the 
thermal  structure.  These  processes  cannot  be 
simulated  by  a photochemical  model.  Below 
10  km  there  is  no  disagreement,  since  the  lapse 
rate  in  the  model  has  been  selected  as  -6.5  K/km. 
Also  shown  in  Figure  1 1 is  the  change  in 
stratospheric  temperature  as  a result  of  the 
injection  due  to  500  SST’s.  It  is  seen  that  the 
maximum  change  is  a decrease  by  2.0K  at  an 
altitude  of  29  km.  It  is  this  change  in  tempera- 
ture that  leads  to  a reduction  of  the  NO  + O3 
rate  by  5%  and  the  subsequent  lessening  of  the 
O3  loss. 

Figure  12  presents  model  results  indicating 
the  effect  of  including  perturbations,  due  to 
scattering,  in  the  photodissociation  rates  for 
N02[-KK3P)]  and  03  [-KX3P)]  • Photodissocia- 
tion rates,  J,  for  these  cases  were  calculated  using 
solar  transmission  functions  averaged  over  24 
hours.  These  perturbations  were  included  as  a 
constant  multiplicative  factor  at  all  altitudes.  The 
NO2  rate  was  increased  by  1.5  and  the  O3  rate 
by  1.3.  Consideration  of  Figure  5 indicates  that 
above  10  km,  the  perturbed  photodissociation 
rates  are  only  weakly  dependent  upon  altitude. 
Other  photodissociation  rates  were  left 
unchanged.  The  results  (which  are  approximate) 
indicate  that  the  effects  of  scattering  cause  up  to 
50%  increases  in  concentrations  of  NO,  and  up  to 
25%  reductions  of  NO2  at  40  km,  ranging  down 
to  a 7%  decrease  at  30  km.  An  illustration  of  the 
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Figure  12.  Effect  of  Rayleigh  scattering  on  coupled 
photochemical  model  constituent  profiles. 

percentage  of  Oj  change  due  to  scattering  for  the 
ambient  case  is  also  shown.  The  maximum 
change  is  a decrease  of  approximately  6%.  The 
distribution  shown  corresponds  to  an  Oj 
column-sum  decrease,  due  to  the  inclusion  of 
scattering,  of  2.3%.  Work  to  date  has  indicated 
that  the  effect  of  scattering  on  the  Oj  column 
sum  lost  (due  to  injection  of  NO  by  500  SST’s)  is 
to  reduce  the  amount  of  03  lost  by  approxi- 
mately 1-2%.  In  view  of  the  large  changes  in  the 
ambient  NO  and  N02  due  to  scattering,  this  is 
somewhat  surprising.  The  explanation  lies  in  the 
fact  that  due  to  the  temperature  dependence  of 
the  NO  + 03  rate,  most  of  the  03  loss  occurs  at 
altitudes  above  injection.  At  these  altitudes,  the 
ambient  concentrations  of  N02  are  perturbed 
only  slightly  relative  to  perturbations  at  the 
injection  altitude.  Consequently,  the  effects  of 
scattering  are  small.  The  fact  that  the  scattering 
actually  leads  to  less  of  a reduction  in  the  03 
column  sum  is  attributed  to  the  attendant  slight 
reduction  of  temperature  between  25-30  km  that 
causes  a reduction  in  the  NO  + O3  rate. 

From  the  foregoing,  it  appears  that  the 
effect  of  scattering  in  the  presence  of  injection  at 
altitudes  below  20  km  will  be  small.  Note, 
however,  that  account  has  been  taken  only  of 
changes  in  the  rate  for  N02[-»0(3P)]  and 
03  [-KX3P)] , and  these  only  approximately. 
Effects  of  changes  in  the  other  photodissociation 
rates  are  being  examined.  It  should  also  be  clear 
from  the  previous  discussion  that  if  injection  of 
NO  occurs  at  altitudes  between  25-30  km,  the 
role  of  scattering  would  be  substantially 
enhanced. 


Figures  13  and  14  present  NO  and  HNO3 
profiles,  determined  with  the  present  model,  in 
comparison  with  observational  data  and  with  the 
calculations  of  Chang  (1974).  Figure  13  shows 
good  agreement  between  the  present  NO  profiles 
and  the  data  of  Ackerman  (1973)  between  20 
and  40  km,  but  the  results  are  smaller  by  as 
much  as  a factor  of  two  than  those  of  Chang  at 
20  km.  At  the  higher  altitudes,  agreement  with 
Chang  is  good.  The  data  by  Ridley  et  al.  (1975) 
are  generally  lower,  by  one-half,  than  the  present 
calculations. 
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Figure  13.  Comparison  of  present  work  with  NO 
observational  data. 
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Figure  14.  Comparison  of  present  work  with  HNOj 
observational  data. 

Figure  14,  for  the  HN03,  indicates  the 
agreement  between  the  present  model  results  and 
data  of  Murcray  et  al.  (1973)  to  be  good  above 
22  km.  Below  this  level,  the  data  are  generally 
higher  than  our  calculated  values.  The  data  of 
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Fontanella  (1974)  is  substantially  higher  than  the 
calculated  results.  Comparison  with  the  work  of 
Chang  shows  the  present  levels  of  HN03  to  be 
nearly  twice  as  large  between  12-35  km.  Both 
sets  of  calculations  fall  within  the  range  of  data 
by  Lazrus  and  Gandrud  (1974). 

CONCLUDING  COMMENTS 

On  the  basis  of  the  present  work,  the 
following  conclusions  have  been  reached: 

1.  Stratospheric  photodissociation  rates 
are  substantially  affected  (both  increased 
and  decreased)  by  the  inclusion  of  the 
effects  of  Rayleigh  scattering. 

2.  Reductions  of  03  by  30%  from 
12-40  km  can  lead  to  decreases  in  the 
tropopause  temperature  of  approxi- 
mately 3K.  If  the  stratospheric  H20 
concentrations  are  assumed  to  be  deter- 
mined by  the  tropical  tropopause  tem- 
perature, such  a change  could  decrease 
stratospheric  H20  levels  by  one-third. 
Under  the  assumptions  of  a radiative- 
convective  model,  the  surface  tempera- 
ture would  then  be  reduced  by  0.28K. 

3.  The  reduction  of  03  in  the  presence  of 
Rayleigh  scattering,  clouds,  and  a reflec- 
tive surface  leads,  under  the  assump- 
tions of  a radiative-convective  model,  to 
a reduction  of  the  surface  temperature. 
The  presence  of  levels  of  N02  above 
ambient  provides  a compensating  effect. 
The  effect  is  1.6  times  as  large  if  a 
constant -cloud-top-temperature  model 
is  used  rather  than  a constant-cloud-top- 
altitude  model. 

4.  The  albedo  change  associated  with  a 
30%  03  change  in  the  presence  of 
scattering,  for  5 = -6,  is  comparable  to, 
and  in  the  same  direction  as,  the  albedo 
change  associated  with  the  direct  effect 
of  stratospheric  sulfate  aerosols  between 
15-25  km. 

5.  The  thermal  balance  of  the  earth/ 
atmosphere  system  is  sensitive  to  the 
altitude  of  the  03  peak  for  a given 
column  sum.  This  is  due  to  the  sensi- 
tivity of  the  longwave  flux  at  the  top  of 
the  atmosphere  to  the  effective  broad- 
ening pressure  of  the  9.6-jim  band  of 
03. 


6.  The  coupled  analysis  predicts  an  8.3% 
reduction  of  the  column  sum  of03  and 
a maximum  temperature  decrease  of  2K 
at  30  km  for  a standard  injection  case 
(500  SST’s).  The  effect  of  the  tempera- 
ture coupling  is  to  reduce  the  column- 
sum  destruction  of  03  by  approxi- 
mately 10%. 

7.  The  coupled  model  studies  indicate  that 
the  increase  of  the  photodissociation 
rates  of  N02  [rO(3P)]  and  03[-+ 
0(3P)]  increases  predicted  ambient 
levels  of  NO  by  up  to  50%  and  reduces 
predicted  N02  levels  by  up  to  25%. 

8.  The  coupled-model  studies  indicate  that 
perturbations  of  the  03  and  N02 
photodissociation  rates  do  not  substan- 
tially alter  the  total  03  destruction  due 
to  injection  of  NO  by  500  SST’s  at 
20  km  or  below.  For  injection  at  higher 
altitudes,  the  rate  perturbations  due  to 
scattering  can  have  an  appreciable  effect 
upon  the  03  column-sum  destruction. 
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ABSTRACT : The  variations,  with  altitude  and  with  latitude,  of  the  direct  and  the  diffuse  solar  UV 
fluxes,  for  selected  wavelengths  in  the  stratosphere,  are  presented.  These  fluxes  are  obtained  from 
radiative-transfer  calculations  in  an  atmosphere  with  ozone  absorption  and  molecular  multiple 
scattering.  It  is  shown  that  the  diffuse  fluxes  add  significantly  to  those  directly  received,  and  hence  to 
the  atmospheric  heating  rates,  at  stratospheric  altitudes.  The  calculations  use  observed  ozone  data. 


A knowledge  of  the  climatology  of  solar 
ultraviolet  (UV)  radiation  fluxes  in  the  strato- 
sphere is  desirable  both  for  the  photochemical 
considerations  of  the  region  and  for  atmospheric- 
heating  rate  calculations.  In  this  paper,  the 
distributions  in  altitude  and  in  latitude  of  strato- 
spheric UV  fluxes,  obtained  from  radiative- 
transfer  calculations,  are  presented;  the 
calculations  assume  a cloudless  and  aerosol-free 
atmosphere,  stratified  in  plane-parallel  layers, 
which  is  illuminated  at  the  top  by  a parallel  beam 
of  unpolarized  monochromatic  radiation  and 
which  is  bounded  at  the  bottom  by  a surface  of 
zero  reflectivity.  In  addition,  the  effect  of 
molecular  scattering  on  atmospheric  heating  rates 
is  illustrated. 

The  wavelength  region  considered  extends 
from  240  nm  (1  nm  = 10'9m)  to  340  nm  and 
includes  almost  all  of  the  solar  UV  spectrum 
which  penetrates  to  levels  below  the  stratopause 
(*»  50  km).  (The  wavelengths  around  the  oxygen 
window  at  200  nm,  which  are  of  interest  because 
of  their  importance  to  the  dissociation  of  chloro- 
fluoromethanes  in  the  upper  stratosphere 
(Rowland  and  Molina,  1975),  have  not  been 
included.) 

The  main  atmospheric  absorber  of  the  radi- 
ation considered  in  this  paper  is  ozone.  There  is 
also  some  absorption  due  to  nitrogen  dioxide; 
however,  the  amount  of  nitrogen  dioxide 
occurring  in  the  natural  stratosphere  is  so  small 
that  its  effects  have  been  ignored  in  this  study.  In 
addition  to  absorption  by  ozone,  the  incident 
radiation  suffers  attenuation  through  multiple 
scattering  by  air  molecules.  The  radiation 
reaching  any  level  in  the  atmosphere  does  so  in 
the  form  of  a direct  beam  (Fs)  and  in  the  form  of 


diffuse  or  multiply-scattered  radiation.  The  latter 
has  both  upward  (Fu)  and  downward  (Fd) 
components  and  is  influenced  by  ground  reflec- 
tion. Obviously,  as  we  ascend  to  higher  altitudes 
in  the  stratosphere,  the  direct  component 
assumes  increasing  importance. 

The  absorption  coefficients  of  ozone  in  the 
UV  region  are  known  to  be  temperature- 
dependent  (Vigroux,  1953,  1967).  The  tempera- 
ture profiles  for  the  different  latitude  zones  and 
seasons  tabulated  in  the  U.S.  Standard  Atmo- 
sphere Supplements,  1966,  have  been  used  in  this 
work  to  calculate  this  temperature  dependence; 
the  air-density  profiles  from  the  Supplements 
have  been  used  in  calculating  scattering  effects. 

To  calculate  the  direct  fluxes.  Beer’s  law  is 
assumed : 

Fs(z,X)  = p0F  (“.X)  e"[T*(z)/',°l 

where  p0  = cos  60  with  0O  = solar  zenith  angle, 
F (<*,  X)  = solar  flux  for  the  wavelength  X inci- 
dent at  the  top  of  the  atmosphere  (the  values 
used  are  those  tabulated  by  Ackerman  (1971), 
and  rx(z)  is  the  optical  depth  of  the  atmosphere 
at  the  altitude  z,  which  includes  both  absorption 
and  scattering  effects.  Figure  1 shows  the  values 
of  the  direct  solar  flux  (Fs)  varying  with  altitude 
for  ten  wavelengths  and  for  four  values  of  p^: 
0.8,  0.6,  0.4,  and  0.2.  The  inset  in  this  figure 
illustrates  the  ozone  profile  used;  a description  of 
the  method  of  obtaining  such  ozone  profiles  is 
given  below.  Figures  2 and  3 show  Fs  variations 
for  two  other  ozone  amounts.  The  ozone 
amounts  are  representative  of  middle,  low,  and 
high  latitudes  respectively. 
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Figure  I.  Height  variation  of  the  direct  solar  flux  for  a total  ozone  amount  of  305  matm-cm.  The 
inset  shows  the  ozone  profile  used:  scale  a is  matm-cm  per  km;  scale  b is  molecules 
per  m3. 


Using  umkehr  data  on  the  vertical  distribu- 
tions of  ozone,  Bojkov  (1969)  noted  a close 
correlation  between  total  ozone  amount  (S2)  and 
its  vertical  distribution.  Bojkov’s  analysis  has 
been  extended  in  this  study  to  include  all  vertical 
ozone  data  available  up  to  1972,  taken  from 
Ozone  Data  for  the  World  (1957-1972)  and 


regression  relations  of  the  form  p3(C)  = A(C) 
+ B(8)  f2  have  been  derived  for  each  station 
where  vertical  ozone  distribution  is  observed. 
Here  p3(fi)  is  the  average  partial  pressure  (nb)  of 
ozone  in  layer  C,f2  is  the  total  ozone  amount 
(matm-cm)  and  A(8)  and  B(8)  are  constants  for 
each  layer.  These  constants  are  found  to  be 
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Figure  2.  Height  variation  of  the  direct  solar  flux  for  a total  ozone  amount  of  205  matm-cm.  The 
inset  shows  the  ozone  profile  used:  scale  a is  matm-cm  per  km;  scale  b is  molecules 
per  m3. 


functions  of  latitude,  with  little  dependence  on  up  to  35  km.  Between  35  and  50  km,  the 

either  longitude  or  season.  Isolines  of  £2,  A(8),  latitude-height  cross-sections  of  ozone  amounts 


Figure  3.  Height  variation  of  the  direct  solar  flux  for  a total  ozone  amount  of  445  matm-cm.  The 


inset  shows  the  ozone  profile  used:  scale  a is  matm-cm  per  km;  scale  b is  molecules 
per  m . 


longitude.  In  this  profile,  the  ozone  concentra- 
tion decreases  by  approximately  an  order  of 
magnitude  for  every  10-km  height  increase 
(Sundararaman,  1973;  Sundararaman  et  al., 
1973).  This  paper  is  the  first  effort,  to  the  best 
of  the  author’s  knowledge,  which  thus  uses  avail- 
able ozone  climatology  to  derive  stratospheric 
UV-flux  climatology. 


The  diffuse  component  of  the  solar  flux  is 
arrived  at  by  solving  the  equation  of  radiative 
transfer  using  well-known  numerical  iterative 
techniques  (Herman  and  Browning,  1965;  Dave 
and  Furukawa,  1966;  Sundararaman  and 
Venkateswaran,  1975).  Figure  4 depicts  Fs  and 
the  ratios  (Fd/Fs)  and  (Fu/Fs)  as  functions  of 
altitude  for  three  values  of  p0  (0.8, 0.6,  and  0.4) 
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Figure  4.  Height  variation  of  the  direct  solar  flux,  and  the  relative  contributions  of  the  upward  and 
downward  fluxes.  The  fluxes  are  normalized  to  rr  units  for  vertical  incidence  at  the  top. 
Labeling:  A,  296.7  nm;  B,  300.4  nm;  C,  305.5  nm;  D,  308.8  nm;  E,  311.4  nm;  F, 
600  nm.  (The  last  is  not  discussed  in  this  paper.) 


and  for  four  ozone  amounts  (with  their  inferred 
profiles).  It  may  be  seen  that  at  20  km,  for 
example,  and  for  £2=305  matm-cm,  the  directly 
received  energy  is  augmented  as  much  as  25% 
by  radiation  which  is  scattered  upward  from  the 
troposphere  into  the  stratosphere.  This  fraction 
depends  upon  the  wavelength,  the  solar  zenith 
angle,  and  the  ozone  amount.  The  downward- 


scattered  component  generally  makes  a smaller 
percentage  contribution  except  for  large  absorp- 
tion, which  occurs  either  at  shorter  wavelengths 
or  at  larger  solar  zenith  angles,  for  a given  ozone 
amount. 

Figures  5,  6 and  7 show  the  variation,  with 
latitude,  of  the  daily  average  values  of  the  direct 
(Fs),  the  upward-scattered  (Fu)  and  the 
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Latitudinal  and  seasonal  variation  of  the  Figure  6.  Latitudinal  and  seasonal  variation  of  the 

daily  average  values  of  the  direct,  and  the  daily  average  values  of  the  direct,  and  the 

upward  and  downward  diffuse,  fluxes  for  upward  and  downward  diffuse,  fluxes  for 

selected  wavelengths  at  35  km  altitude.  selected  wavelengths  at  20  km  altitude. 
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Figure  7.  Latitudinal  and  seasonal  variation  of  the 
daily  average  values  of  the  direct,  and  the 
upward  and  downward  diffuse,  fluxes  for 
selected  wavelengths  at  9 km  altitude. 

downward-scattered  (Fd)  fluxes  for  six  wave- 
lengths and  for  four  months  at  35  km,  20  km, 
and  9 km  respectively.  These  maps  are  good  for 
0°  longitude.  The  daily  average  value  is  a 
quantity,  which,  when  multiplied  by  the  number 
cf  seconds  in  a mean  solar  day  (86,400)  gives  the 


i 


energy  incident  on  a horizontal  surface  of  unit 
area  (1  m2),  between  sunrise  and  sunset,  in  a unit 
wavelength  interval  (1  nm)  which  is  centered  on 
a particular  wavelength. 

Figure  8 illustrates  a model  calculation  of 
heating  rates  (per  unit  mass)  due  to  the  absorp- 
tion of  several  selected  bands  of  UV  radiation 
(and  also  due  to  the  absorption  of  the  Chappuis 
band,  497.5  to  695  nm)  for  a solar  zenith  angle 
of  60°  and  for  the  ozone  profile  of  Figure  1 . For 
wavelengths  less  than  240  nm,  absorption  by 
molecular  oxygen  becomes  important.  Such 
absorption,  along  with  the  known  dependence  of 
oxygen  absorption  coefficients  on  temperature 
and  pressure,  where  applicable,  has  been  included 
here.  The  model  oxygen  profile  (not  shown)  is 
derived  from  the  U.S.  Standard  Atmosphere 
Supplements,  1966. 


Figure  8.  Height  variation  of  heating  rates  due  to 
absorption  of  the  direct  solar  flux  in 
selected  wavelength  bands. 

Figure  9 is  an  illustration  of  the  effect  of 
molecular  multiple  scattering  on  atmospheric 
heating  rates.  The  height  distribution  of  the 
heating  rate  (in  pW  nr3  nm'1)  is  shown  for 
X = 31 1.4  nm  for  five  values  of  p0  (1,  0.8,  0.6, 

0. 4  and  0.2)  and  for  the  ozone  profile  of  Figure 

1 . An  increase  in  the  heating  rate  may  be  noticed 
when  the  effects  of  scattering  are  included  (Panel 
B),  which  is  quite  marked  when  the  sun  is  at  or 
close  to  the  zenith  sky. 
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Figure  9.  The  effect  of  multiple  scattering  at 
31 1.4  nm  on  atmospheric  heating  rates. 
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ABSTRACT:  Results  are  presented  from  an  extensive  theoretical  investigation  aimed  at  evaluating  (1) 
the  effect  of  increased  NOj  concentrations  on  solar  absorption  as  compared  to  that  of  reduced  ozone 
concentrations  and  (2)  the  effect  of  molecular  multiple  scattering  and  ground  reflection  on 
photodissociation  rates.  In  (1),  we  considered  17-km  and  20-km  injections  of  NOx.  In  both  cases,  the 
increase  in  solar  absorption  by  NO 2 was  approximately  40%  of  the  decrease  in  solar  absorption  caused 
by  reduced  ozone.  The  effect  of  changes  in  ozone  and  NO2  concentrations  on  solar  heating  rates  and 
planetary  albedo  are  also  shown  as  functions  of  solar  zenith  angle  and  surface  albedo.  In  (2),  results 
are  compared  with  similar  calculations  typical  of  most  atmospheric  models  which  include  absorption 
only  in  the  direct  solar  beam.  The  functional  dependence  of  the  results  on  wavelength,  height,  solar 
zenith  angle,  and  ground  albedo  is  shown. 


SOLAR  ABSORPTION  BY  N02  IN  THE 

STRATOSPHERE  PERTURBED  BY  NOx 
INJECTION 

Introduction 

While  much  attention  has  been  directed 
toward  nitrogen  dioxide  as  a chemical  reactant 
affecting  the  destruction  of  ozone  in  the  strat- 
osphere, little  attention  has  been  directed  to- 
ward its  property  as  an  absorber  of  solar 
radiation.  Hesstvedt  and  Isaksen  (1974)  were 
among  the  first  to  quantitatively  study  solar 
absorption  by  N02  and  its  role  in  the  energy 
budget  of  the  atmosphere.  In  this  paper,  we 
report  the  results  of  a theoretical  study  of  the 
effect  of  increased  N02  concentrations  on 
solar  absorption  as  compared  to  the  effect  of 
reduced  ozone  concentrations. 

The  Radiative-Transfer  Model 

The  same  radiative-transfer  model  was 
used  for  both  studies  described  in  this  paper. 
The  radiative-transfer  model  assumes  a cloud- 
less, plane-parallel  atmosphere  in  which  there 
is  molecular  multiple  scattering  and  gaseous 
absorption  above  a Lambert  ground.  We  con- 
sider only  the  wavelength  region  between 
187.2  nm  and  735  nm,  in  which  molecular 
oxygen,  ozone,  and  nitrogen  dioxide  are  the 
dominant  gaseous  absorbers.  The  spectral 


region  is  divided  into  1 19  spectral  intervals,  of 
which  9 are  in  the  Schumann-Runge  bands  of 
oxygen.  The  atmosphere  between  zero  and 
55  km  is  divided  into  43  layers,  the  thickness  of 
a layer  being  1 km  up  to  35  km,  then  2.5  km 
up  to  55  km.  Each  atmospheric  layer  is  sub- 
divided into  sublayers  such  that  the  optical 
depth  of  each  layer,  including  scattering  and 
absorption,  is  less  than  0.02.  There  may  be  as 
many  as  500  sublayers,  depending  upon  the 
total  optical  depth  of  the  atmosphere.  The 
Gauss-Seidel  iterative  scheme  (see  Braslau  and 
Dave,  1973)  is  used  to  solve  the  radiative- 
transfer  equation  to  obtain  the  intensity  of 
the  radiation  at  increments  of  6°  in  the  local 
zenith  angle  for  each  level.  Components  of  the 
intensity  are  then  integrated  over  the  upper 
and  lower  hemispheres  to  obtain  the  diffuse 
fluxes.  The  absorption  cross-sections  were 
derived  from  a variety  of  sources  described  in 
Gelinas  at  al.  (1973). 

The  absorption  cross-sections  for  ozone 
and  NO2  are  shown  in  Figure  1.  The  peak  in 
the  NO2  cross-section  occurs  near  400  nm, 
which  is  between  the  Huggins  and  Chappuis 
bands  of  ozone.  The  ozone  cross-section  is 
strongly  peaked  near  250  nm.  and  the  peak  in 
the  cross-section  for  the  weaker  Chappuis  band 
occurs  near  600  nm. 

The  vertical  profiles  of  temperature,  pres- 
sure, and  oxygen  concentration  correspond  to 
those  of  the  U.S.  Standard  Atmosphere 
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Figure  1.  Absorption  cross-sections  for  ozone  and 


(1962).  The  concentration  profiles  for  ozone 
and  NO2  were  derived  from  Chang’s  (1974b) 
one-dimensional  transport-kinetics  model.  The 
fact  that  the  profiles  of  ozone  and  NO2  con- 
centration are  not  independent,  but  rather  are 
coupled  kinetically,  ensures  that  the  two  pro- 
files are  at  least  consistent  with  our  present 
understanding  of  the  kinetics. 

The  perturbations  which  we  consider  are 
injections  of  N02  at  a source  rate  of  2000 
molec/cm3  uniformly  distributed  over  a 
1-km-thick  layer,  at  separate  injection  heights 
of  17  km  and  20  km.  (This  annual  injection 
rate  (2.5  X 1012  g/yr)  corresponds  to  a fleet 
of  4000  Concorde-type  SST’s).  The  ozone  and 
NO2  concentration  profiles  for  the  unper- 
turbed case,  along  with  the  17-km  and  20-km 
injection  cases,  are  shown  in  Figure  2.  The 
unperturbed  ozone  profile  corresponds  to 
0.305  atm-cm  of  ozone.  The  unperturbed  con- 
centration profiles  for  ozone  and  NO2  both 
fall  within  the  range  of  midlatitude  strato- 
spheric observations  (LLL,  1974),  although  the 
tropospheric  values  of  NO2  concentration  are 
somewhat  smaller  than  observed.  However,  this 
difference  does  not  have  a significant  effect 
on  the  stratospheric  heating  rates  because  the 
attenuation  due  to  solar  absorption  by  NO2  is 
small. 

Hesstvedt  and  Isaksen  (1974)  used  three 
types  of  NO2  profiles  in  their  calculations. 
For  two  of  their  profiles,  they  assume  a total 
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Figure  2.  Vertical  concentration  profiles. 

column  density  of  6X  1015  cm-2  at  the 
tropopause.  They  did  not  state  the  height  of 
their  tropopause,  but  we  have  assumed  it  to 
be  13  km.  The  integrated  column  densities 
above  13  km  for  each  of  the  three  cases  used 
in  the  present  calculation  are  shown  in  Table  1. 
Hesstvedt  and  Isaksen’s  stratospheric  column 
density  for  N02  lies  between  the  17-km  and  20- 
km  injection  cases.  The  17-km  injection  corre- 
sponds to  a 5.3%  reduction  in  stratospheric 
ozone  and  a 33.7%  increase  in  stratospheric  N02, 
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while  the  20-km  injection  corresponds  to  an 
11.2%  reduction  in  stratospheric  ozone  and  a 
67.5%  increase  in  stratospheric  N02.  In  each 
case,  the  fractional  change  in  the  N02  column 
density  is  approximately  six  times  the  fractional 
change  in  the  ozone  column  density. 

Table  1.  Integrated  Column  Densities  Above  13  km 
(molec  cm'2)  and  Relative  Changes  with 
NOx  Injection 


Case 

AOj 

aN02 

NO2 

O3 

no2 

Control 

7.92  X 1018 

4.06  X 1015 

_ 

- 

17-km 

injection 

7.50  X 1018 

5.43  X 1015 

-0.053 

0.337 

20-km 

7.03  X 1018 

6.80  X 1015 

-0.112 

0.675 

injection 

Results 

For  each  of  the  three  sets  of  concentra- 
tion profiles,  ozone  and  NO2  solar-absorption 
rates  were  computed  for  selected  values  of  the 
solar  zenith  angle,  9,  and  the  surface  albedo, 
R.  The  solar-absorption  rates  of  ozone  and 
NO2  for  the  total  atmospheric  column,  ex- 
pressed as  a percentage  of  the  incoming  solar 
flux  at  the  top  of  the  atmosphere,  are  shown 
in  Table  2 for  the  unperturbed  case.  For  this 
set  of  input  parameters,  ozone  absorption 
ranged  from  2.95%  to  7.23%  of  the  incoming 
solar  radiation,  while  NO2  absorption  ranged 
from  0.072%  to  0.365%  of  the  incoming  solar 
radiation.  Solar  absorption  by  NO2  is,  there- 
fore, only  a small  fraction  (0.024  to  0.050)  of 
the  solar  absorption  by  ozone. 

Table  2.  Solar  Absorption  by  Ozone  and  N02  for  the 
Unperturbed  Case,  in  Percent  of  the  Incoming 
Solar  Flux 

Surf.™  Ozone  Absorption  (%)  NOj  Absorption  (%) 
Albedo  V 30°  60°  78°  <f_  30“  60°  78.° 

0.00  195  3.14  4.00  6.25  0.072  0.083  0.104  0.304 

0.25  3.28  3.46  4.28  6.48  0.091  0.101  0.157  0.318 

0.50  3.63  3.80  4.58  6.72  0.111  0.122  0.175  0.332 

0.75  4.01  4.16  4.90  6.97  0.134  0.144  0.195  0.348 

1.00  4.43  4.56  5.25  7.23  0.160  0.169  0.218  0.365 

Hesstvedt  and  Isaksen  (1974),  using  a 
simplified  radiative-transfer  model,  computed 
NO2  absorption  to  be  0.13%  of  the  incoming 


solar  flux  for  a column  density  of  1016  cm-2 
with  a solar  zenith  angle  of  0°  and  a surface 
albedo  of  0.2.  The  total  column  density  of 
NO2  for  our  unperturbed  case  is  4.27  X 101 5 
cm'2.  Scaling  the  present  result  for  a solar 
zenith  angle  of  0°  and  a surface  albedo  of 
0.25  gives  a value  of  N02  absorption  of 
0.21%  for  a column  density  of  1016  cnv2. 
This  is  somewhat  larger  than  the  value 
obtained  by  Hesstvedt  and  Isaksen,  and  the 
difference  is  attributed  to  differences  in  the 
numerical  models. 

Instantaneous  values  of  the  solar  heating 
rates  of  ozone  and  NO2  for  a solar  zenith 
angle  of  60°  and  selected  values  of  the  surface 
albedo  are  shown  in  Figures  3a  and  3b 
respectively.  The  ozone  heating  rate  increases 
monotonically  with  height  through  40  km, 
while  the  NO2  heating  rate  peaks  near  32  km. 
Virtually  no  radiation  reaches  the  earth’s  sur- 
face at  wavelengths  less  than  290  nm,  which 
means  that  surface  albedo  can  affect  ozone 
heating  rates  only  through  the  Huggins  and 
Chappuis  bands.  Consequently,  changes  in  sur- 
face albedo  do  not  cause  large  relative  changes 
in  the  ozone  heating  rates.  The  NO2  heating 
rates,  on  the  other  hand,  are  much  more  sen- 
sitive to  changes  in  surface  albedo.  Because 
there  is  almost  complete  atmospheric  transmis- 
sion at  wavelengths  greater  than  330  nm  (see 
the  second  half  of  this  paper),  the  NO2  heat- 
ing rate  nearly  doubles  as  the  surface  albedo 
increases  from  0.0  to  1.0. 

The  change  (with  respect  to  the  unperturbed 
case)  in  the  NO2  absorption  rate  is  compared  to 
the  change  in  the  ozone  absorption  rate  for  the 
17-km  and  20-km  injection  cases  in  Table  3.  The 
increase  in  NO2  absorption  compensates  for 
between  38%  and  50%  of  the  decrease  in  ozone 
absorption  for  the  17-km  injection,  and  for 
between  34%  and  47%  for  the  20-km  injection. 
The  increase  in  N02  absorption,  therefore,  sig- 
nificantly compensates  for  the  decrease  in  sc'ar 
absorption  by  ozone.  The  values  in  Table  3 are 
only  weakly  sensitive  to  changes  in  surface 
albedo  (particularly  for  large  solar  zenith  angles). 
Even  with  the  reductions  in  ozone  concentration 
considered  here,  virtually  all  of  the  solar  radia- 
tion in  the  Hartley  band  of  ozone  is  absorbed, 
resulting  in  little  change  in  the  solar  absorption 
in  this  band.  Since  the  atmosphere  is  almost 
transparent  in  the  Huggins  and  Chappuis  bands. 
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a.  For  ozone. 


b.  ForNOj. 

Figure  3.  Unperturbed  heating  rates  for  selected 
values  of  surface  albedo  and  a solar  zenith 
angle  of  60°. 

ozone  absorption  in  these  bands  is  roughly 
proportional  to  the  ozone  column  density.  Since 
NOj  absorption  overlaps  this  spectral  region,  the 
changes  in  solar  absorption  by  ozone  and  N02 
depend  similarly  on  surface  albedo. 

The  changes  in  the  instantaneous  solar  heat- 
ing rates  of  ozone  and  N02  (as  compared  to  the 
unperturbed  case)  for  a solar  zenith  angle  of  60° 
are  shown  in  Figures  4a  and  4b  for  the  17-  and 
20-km  injections,  respectively.  We  see  that  the 
injectioo  at  20  km  leads  to  changes  in  the  heating 


Table  3.  Values  of  - 


AAbsfNOj) 

AAbs(03) 


1 7-km  Injection  20-km  Injection 


Albedo 

30" 

60" 

78 

£ 

30 

60“ 

78_ 

0.00 

0.38 

0.39 

0.45 

0.49 

0.34 

0.36 

0.41 

0.47 

0.25 

0.38 

0.40 

0.45 

0.50 

0.35 

0.37 

0.41 

0.47 

0.50 

0.40 

0.41 

0.45 

0.50 

0.36 

0.38 

0.41 

0.47 

0.75 

0.41 

0.42 

0.45 

0.50 

0.38 

0.39 

0.42 

0.47 

1.00 

0.43 

0.43 

0.45 

0.50 

0.39 

0.40 

0.42 

0.47 

rates  which  are  approximately  twice  those  for  a 
17-km  injection.  The  altitudes  at  which  the 
maximum  changes  occur  in  the  ozone  and  NO2 
heating  rates  are  well  above  the  level  of  injection 
of  NOx  in  both  cases,  the  maximum  change 
occurring  near  37  km  for  ozone  and  near  27  km 
for  NO2.  Below  23  km  the  changes  in  the  ozone 
and  NO2  heating  rates  are  approximately  equal 
in  magnitude,  although  opposite  in  sign.  Above 
23  km  the  change  in  the  ozone  heating  rate 
clearly  is  dominant. 

An  appreciation  of  how  the  change  in  NO2 
absorption  can  be  such  a significant  fraction  of 
the  change  in  ozone  absorption,  when  NO2 
absorption  was  such  a small  fraction  of  ozone 
Absorption  for  the  unperturbed  case,  can  be 
obtained  by  considering  the  major  elements 
which  work  together  to  bring  this  about.  The 
significance  of  these  elements,  rather  than  being 
apparent  prior  to  these  calculations,  is  under- 
stood as  a result  of  these  calculations.  An 
important  element  is  that  the  change  in  NO2 
column  density  is  several  times  the  change  in 
ozone  column  density  (in  this  case  6 times). 
Other  kinetics  calculations  (see  Chang,  1974a) 
predict  factors  ranging  from  4 to  10  depending 
upon  the  magnitude  and  height  of  the  injection. 
Another  element  is  that  there  is  not  a one-to-one 
correspondence  between  the  fractional  change  in 
the  ozone  column  density  and  the  fractional 
change  in  ozone  absorption.  For  the  cases  con- 
sidered here,  the  fractional  change  in  ozone 
absorption  was  approximately  0.6  times  the 
fractional  change  in  ozone  column  density.  Be- 
cause of  the  non-linear  relationship  between 
ozone  absorption  and  ozone  column  density, 
which  results  primarily  from  the  strong  absorp- 
tion in  the  Hartley  band,  this  factor  would 
increase  as  the  fractional  reduction  in  ozone 
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a.  Injection  at  1 7 km. 
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Change  in  heating  rate  — K/day 

b.  Injection  at  20  km. 

Figure  4.  Changes  in  ozone  and  NOj  heating  rates 
for  an  injection  of  NOx. 

column  density  increases,  approaching  a value  of 
1.0  as  the  ozone  column  density  approaches 
zero.  On  the  other  hand,  because  NO2 
absorption  is  weak,  there  is  approximately  a 
one-to-one  relationship  between  the  fractional 
change  in  NO2  absorption  and  the  fractional 
change  in  NO2  column  density.  The  ratio  of 
changes  in  NO2  and  ozone  absorption  can  be 
estimated  by  multiplying  the  ratio  of  NO2 
absorption  to  ozone  absorption  for  the  unper- 
turbed case  (0.04)  by  the  ratio  of  the  fractional 
changes  in  column  densities  and  the  ratio  of 


correspondence  factors  relating  the  fractional 
change  in  absorption  to  the  fractional  change  in 
column  density. 

AAbs(NQ2)  ^ 004  ^ 6^  L0^q4 
~ AAbs  (O3)  1 1 0.6  ~ ' 


The  first  two  ratios  on  the  right-hand  side  of 
equation  (1)  are  determined  from  transport- 
kinetics  calculations.  These  ratios  are  affected  by 
the  choice  of  eddy-diffusion  coefficients  and 
model  chemistry  as  well  as  the  height  and 
magnitude  of  injection  of  NOx . The  third  ratio 
depends  principally  upon  the  magnitude  of  the 
ozone  reduction.  This  ratio  and  the  first  ratio  are 
also  affected  to  a lesser  degree  by  changes  in 
solar  zenith  angle  and  surface  albedo.  Thus,  the 
ratio  of  changes  in  solar  absorption  can  vary  over 
a range  of  values  greater  than  that  shown  in 
Table  3. 

Changes  in  the  amount  of  gaseous  absorbers 
in  the  stratosphere  will  affect  the  planetary 
albedo.  For  example,  a reduction  in  ozone 
column  density  allows  more  incoming  solar 
radiation  to  enter  the  troposphere,  resulting  in  an 
increase  in  upward-scattered  radiation  from  the 
troposphere.  The  increased  upward  diffuse  flux, 
rmbined  with  the  fact  that  a larger  fraction  of 
tlvr  lux  v;  ill  now  pass  through  the  stratosphere 
and  be  iost  to  space,  leads  to  an  increase  in 
planetary  albedo.  Similarly,  an  increase  in  NO2 
column  density  decreases  the  atmospheric  trans- 
missivity, resulting  in  a decrease  in  the  planetary 
albedo.  The  net  increase  in  planetary  albedo  for 
the  20-km  injection  is  shown  in  Figure  5.  An 
albedo  change  of  3 X 10-3  represents  a 1% 
change  in  the  global  mean  albedo.  These  changes 
in  planetary  albedo  represent  significant  pertur- 
bations to  the  global  energy  budget,  as  evidenced 
by  their  effect  on  surface  temperature  (Callis  et 
al.,  1975).  The  effect  of  the  reduction  in  ozone 
column  alone  is  approximately  twice  that  of  the 
combined  effect  shown  in  Figure  5.  The  effect  of 
the  increase  in  NO2  column  density  alone,  being 
roughly  half  that  of  the  ozone  reduction,  is 
approximately  equal  to  the  combined  effect, 
although  opposite  in  sign. 

Conclusions 

The  amount  of  solar  radiation  absorbed  by 
NO2  is  only  a few  percent  of  that  absorbed  by 


246 


LUTHER 


3 x 10-3 


^ r 

20  km  injection 


« 2 h 


R = 1.00 


6 

a 

c 


0.75 


S 1 
<5 


0.50 


0.25 


0.00 


30  60 

Solar  zenith  angle 


90 


Figure  S. 


Change  in  planetary  albedo  vs.  solar  zenith 
angle  for  a 20-km  injection  of  NO 


ozone  for  an  unperturbed  atmosphere,  yet  the 
change  in  NO2  absorption  resulting  from  the 
stratospheric  injection  of  NOx  may  be  a signif- 
icant fraction  (on  the  order  of  0.4)  of  the 
change  in  ozone  absorption.  This  fraction, 
although  dependent  on  many  factors,  is  only 
weakly  dependent  on  surface  albedo  and  solar 
zenith  angle.  For  these  perturbations,  the  change 
in  stratospheric  solar  heating  rate  is  on  the  order 
of  a few  tenths  of  a degree  Kelvin  per  day,  with 
the  most  significant  changes  in  the  net  solar 
heating  rate  occurring  well  above  the  level  of 
injection  of  NOx.  Perturbations  to  the  ozone  and 
NO2  column  densities  can  also  significantly 
affect  the  planetary  albedo. 


EFFECT  OF  MOLECULAR 
MULTIPLE  SCATTERING  AND 
SURFACE  ALBEDO  ON  ATMOSPHERIC 
PHOTODISSOCIATION  RATES 


Introduction 


At  present,  only  the  most  elementary  radia- 
tive-transfer calculations  are  incorporated  in 
atmospheric  models  containing  photochemically 


limitations.  For  example,  even  the  simplest 
atmospheric  kinetics  models  are  beset  with  com- 
putational constraints  that  normally  lead  one  to 
invoke  the  assumption  of  a purely  absorbing 
atomic  and  molecular  atmosphere  when  deter- 
mining solar  fluxes  for  the  evaluation  of  photo- 
dissociation rates.  Because  of  these  factors,  the 
roles  of  multiple  scattering,  of  the  earth’s  surface 
reflection,  and  of  clouds  and  aerosols  in  photo- 
chemical rates  have  remained  a side-issue  in 
atmospheric  photochemical  trace-gas  models. 
However,  it  is  well  known  that  these  radiative 
aspects  can  be  significant  in  determining  strato- 
spheric and  tropospheric  radiative  intensities  at 
photodissociative  wavelengths. 

We  present  some  results  from  the  application 
of  a reasonably  general  radiative-transfer  model 
to  the  calculation  of  photodissociation  rates.  The 
model  includes  multiple  molecular  scattering  and 
the  earth’s  surface  albedo.  The  effects  of  clouds 
and  aerosols  are  not  considered  at  this  time. 
Photodissociation  rates  are  computed  for  several 
reactions,  representing  different  photodissocia- 
tion spectral  types,  as  a function  of  altitude,  z, 
surface  albedo,  R,  and  solar  zenith  angle,  9,  in 
order  to  provide  a quantitative  guide  for  sensitiv- 
ity analysis  on  the  pure-absorption  photodis- 
sociation rates  that  are  presently  in  use. 


The  Radiative-Transfer  Applications  in 
Atmospheric  Photochemical  Models 


Stratospheric  and  tropospheric  models  that 
contain  photochemically  active  species  have  al- 
most universally  invoked  an  assumption  of  pure 
absorption  for  computing  solar  fluxes  and  photo- 
dissociation rates.  We  will  briefly  review  the 
elements  of  that  approach  and  describe  the  pure 
molecular-absorption  calculations  that  we  per- 
form for  reference. 

The  solution  of  the  one-dimensional,  purely 
absorbing,  source-free  radiative-transfer  equation 
at  a particular  altitude,  z,  solar  zenith  angle,  6 , 
and  atmospheric  composition,  |Na(z)|,  is  given 
by 


Fa(z,0,{na})  = Fx(->exp[-T^(z,e,|NA|)l  , (2) 


%•  V>>'- 


where  FxdX  is  the  flux  of  photons  (cm-2  sec'1) 
in  the  wavelength  interval  dX  about  X.  Fx(°°) 


active  species.  This  is  primarily  due  to  nothing 
more  than  computer  running  time  and  capacity 
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represents  the  solar  flux  at  one  astronomical 
unit,  and  the  optical  depth,  T\,  is  given  by 

tx(z,0,{na})  s / dz'  ^ NA(z')o\\,T(z'))sec0. 

■4  A (3) 

In  equation  (3),  the  summation  on  A includes  all 
atmospheric  absorbers,  each  having  number  den- 
sity Na(z)  cm- 3 and  a total  absorption  cross- 
section  oat(X,T(z))  cm2.  Most  generally, 
aAT(X,T(z))  is  a function  of  the  temperature, 
T(z).  Since  we  consider  only  the  spectral  region 
of  187.2  nm  to  735  nm,  we  include  only 
absorption  by  02,  03,  and  N02,  with  only 
a o2  being  dependent  upon  T(z). 

The  photodissociation  rate  for  transforming 
species  i to  species  j is  denoted  by 


Jj  -*■  j(z,0)  Nj  (z)  , 
where 

Ji_*j(z,0)  = / d\o^UA,T(z))Fx(z,e,|NAJ)  , (4) 

all  X 

is  expressed  in  terms  of  the  microscopic  photo- 
dissociation cross-section,  oD‘(j,X,T(z))  cm^. 
Given  microscopic  cross-section  data  FA(°°), 
|Na(z)},  andd.it  is  a straightforward  matter  to 
compute  photodissociation  coefficients.  In  our 
calculations,  we  use  Fx(°°)  derived  from  Acker- 
man’s (1970)  data,  T(z)  and  No2  from  the  U.S. 
Standard  Atmosphere  (1962),  and  microscopic 
data  from  a variety  of  sources  described  in 
Gelinas  et  al.  (1973).  Values  of  No3(z)  and 
Nnc>2(z)  are  t^le  same  as  those  used  in  the  first 
part  of  this  paper  for  the  unperturbed  case. 

When  molecular  multiple  scattering  and 
surface  reflection  are  included  in  the  calculation 
of  photodissociation  coefficients,  the  Fx  in 
Equation  (4)  includes  the  direct  solar  component 
plus  the  contribution  by  diffuse  radiation,  which 
is  given  by 

\ dw  . 

4ff 


radiative-transfer  model  used  for  the  multiple- 
scattering calculation  is  described  in  the  first  half 
of  this  paper. 

It  is  not  necessary  to  show  all  the  photo- 
dissociation reactions  of  atmospheric  interest 
because  basic  spectral  types  can  be  identified. 
The  transmission  properties  of  a purely  absorbing 
molecular  atmosphere,  as  seen  in  Figure  6,  are 
used  as  a basis  for  classifying  spectral  types. 
Three  distinct  regimes  occur: 


Wavelength  - nm 

Figure  6.  Transmission  properties  of  a purely 
absorbing  molecular  atmosphere. 

Regime  1:  187  nm  < X < 290  nm 

Virtually  no  radiation  is  trans- 
mitted t j the  lower  elevations  (0-10 
km)  for  wavelengths  shorter  than  290 
nm.  Molecular  species  such  as  02,  for 
which  the  dominant  part  of  the  photo- 
dissociation cross-section  lies  in  this 
spectral  region,  are,  therefore,  not 
directly  photochemically  active  in  the 
lower  atmosphere.  At  higher  altitudes 
(>  20  km),  there  is  the  well-known 
02-03  window  at  about  200  nm- 
210  nm.  Above  30  km,  there  is  signifi- 
cant transmission  through  this  upper- 
atmospheric  window. 

Regime  2:  290  nm  < X <330  nm 


where  1^  is  the  spectral  intensity  of  the  radiation  This  is  a transition  region;  virtually 

(angle-dependent)  and  u>  is  solid  angle.  The  no  solar  radiation  reaches  the  earth’s 
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surface  at  290  nm,  but  there  is  almost 
complete  transmission  at  330  nm. 

Regime  3:  330  nm  < X < 735  nm 

In  this  spectral  region  there  is  vir- 
tually complete  transmission  at  all 
altitudes  for  a purely  absorbing 
atmosphere. 

The  effects  of  molecular  multiple 
scattering  and  surface  reflectivity  on 
photodissociation  rates  are  analyzed 
both  in  terms  of  their  effect  on  the 
photodissociation  coefficients  for  indi- 
vidual reactions  and  in  terms  of  their 
effect  on  the  flux  entering  Equation  (4). 
An  understanding  of  the  spectral  varia- 
tion of  their  effect  on  the  flux  will  aid 
in  the  interpretation  of  their  effect  on 
the  photodissociation  coefficients  which 
result  from  a spectral  integration. 

Results 

Extensive  numerical  calculations  were  per- 
formed while  parametrically  varying  the  solar 
zenith  angle  and  surface  albedo.  In  studying  the 
spectral  dependence  of  the  effect  on  Fx,  we 
present  only  the  results  for  a solar  zenith  angle  of 
60°,  but  these  are  qualitatively  typical  of  the 
results  for  other  zenith  angles. 

The  ratio  (multiple  scattering)/FA  (pure 
absorption)  is  shown  in  Figure  7 for  selected 
altitudes.  At  an  altitude  of  40  km,  there  is  little 
change  in  the  flux  for  wavelengths  less  than 
290  nm.  There  is  actually  a slight  decrease  in  the 
flux  in  this  spectral  region  except  in  the  vicinity 
of  the  local  peak  near  250  nm,  at  which  point 
there  is  large  attenuation  of  the  solar  flux.  Since 
no  solar  radiation  reaches  the  earth’s  surface  at 
wavelengths  less  than  290  nm,  there  is  no  depen- 
dence on  surface  albedo  in  this  spectral  region. 

The  results  for  a surface  albedo  of  0.0 
demonstrate  the  effect  of  molecular  multiple 
scattering  alone,  which  is  shown  to  have  its 
maximum  effect  near  330  nm.  Molecular  multi- 
ple scattering  may  cause  as  much  as  a 50% 
increase  in  Fx,  but  this  occurs  over  a relatively 
narrow  spectral  region.  At  wavelengths  greater 
than  300  nm  there  is  a strong  dependence  upon 
surface  albedo,  which  may  lead  to  as  much  as  a 


doubling  of  the  flux  for  this  solar  zenith  angle. 
For  a surface  albedo  of  0.3  (approximate  global 
mean),  the  flux  is  increased  between  30%  and 
60%  at  wavelengths  greater  than  330  nm. 

The  ratio  of  fluxes  for  30  km  and  20  km 
shows  little  change  compared  to  the  results  for 
40  km  at  wavelengths  greater  than  300  nm. 
There  is  a significant  change  in  the  ratio  of  fluxes 
at  wavelengths  less  than  300  nm,  however.  Large 
increases  in  the  ratio  of  fluxes  occur  as  large 
vertical  optical  depths  (t  «*  10)  are  approached. 
Although  these  ratios  are  large,  the  magnitude  of 
the  flux  is  so  small  at  these  optical  depths  that 
the  change  in  flux  should  have  a negligible  effect 
on  species  concentrations  at  these  altitudes.  This 
is  demonstrated  by  the  photodissociation  of 
molecular  oxygen,  which  is  shown  in  Figure  8. 

In  the  lower  atmosphere,  the  downward 
solar  flux  is  reduced  due  to  increased  back- 
scatter.  On  the  other  hand,  the  upward-scattered 
radiation  from  below  tends  to  increase  Fx.  As 
one  moves  downward  from  10  km  to  the  earth’s 
surface,  the  downward  flux  is  reduced,  and  the 
amount  of  atmosphere  available  to  scatter  the 
radiation  upward  is  also  reduced.  Consequently, 
in  moving  from  10  km  to  the  earth’s  surface, 
there  is  a dramatic  decrease  in  F^  for  the 
multiple-scattering  case.  For  most  wavelengths, 
however,  surface  reflection  is  more  than 
adequate  to  make  up  for  the  decrease  in  down- 
ward flux  due  to  molecular  scattering. 

We  now  consider  the  effect  of  molecular 
multiple  scattering  and  surface  reflection  on  the 
photodissociation  coefficients  for  specific  reac- 
tions. Although  we  shall  restrict  our  discussion  to 
only  a few  reactions,  they  represent  the  variation 
in  behavior  that  occurs  as  the  spectral  region  of 
primary  importance  moves  from  Regime  1 to 
Regime  3: 


o3h-*  o('d)  + o2 

(5a) 

no2-*  NO  + 0 

(5b) 

03h-*  O (3P)  + 02 

(5c) 

The  ratio  J (multiple  scattering)/!  (pure  absorp- 
tion) is  shown  for  each  of  these  reactions  in 
Figure  9.  The  results  are  parameterized  over 
height,  surface  albedo,  and  solar  zenith  angle  (0, 
30.  60,  and  78°). 
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Figure  7.  Ratio  of  fluxes  vs.  wavelength  at  selected  altitudes  for  a solar  ""nith  angle  of  60' 
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Figure  8. 


Photodissociation  coefficients  for  the 
reaction  O2  ^ O + O for  a solar  zenith 
angle  of  60°. 


Reaction  (5a)  overlaps  spectral  Regimes  1 
and  2.  In  Regime  1,  there  is  no  dependence  upon 
surface  albedo,  so  for  altitudes  greater  than 
35  km,  the  behavior  of  this  reaction  is  typical  of 
Regime  1.  Molecular  multiple  scattering  has  a 
negligible  effect  on  the  photodissociation  coef- 
ficient above  35  km  because  there  is  little  scat- 
tering of  the  incoming  radiation  at  these  levels, 
and  the  tropospheric  attenuation  is  so  large  that 
little  radiation  is  scattered  upward  from  below. 
As  the  flux  in  Regime  1 is  depleted,  the  relative 
contribution  of  flux  in  Regime  2 increases. 
Consequently,  the  sensitivity  of  results  to  surface 
albedo  increases  markedly  with  decreasing 
altitude. 

Reaction  (5b)  spans  Regimes  2 and  3. 
Consequently,  the  photodissociation  coefficients 
at  all  altitudes  depend  strongly  on  surface 
albedo.  The  values  for  R = 0.0  show  that 
molecular  scattering  alone  significantly  increases 


Solar  zenith  angle  -degrees 


I 

£ 

1 

I 

"5 

E 


C 30  60  90  0 900  900  900  90 


Solar  zenith  angle  - decrees 


a.  For  the  reaction  03  -+  O ( 1 D)  + 02 . 


b.  For  the  reaction  NO,  NO  + O. 


0 306090  0 90  0 90  0 90  0 90 


Solar  zenith  angle  - degrees 

c.  For  the  reaction  O (3P)  + Oj. 


Figure  9.  Ratio  of  photodissociation  coen'icients,  with  and  without  scattering,  vs.  solar  zenith  angle. 
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the  stratospheric  values  of  the  photodissociation 
coefficients. 

Reaction  (5c)  is  in  Regime  3.  In  this  case, 
the  effect  of  molecular  scattering  alone  on  the 
stratospheric  values  of  the  photodissociation 
coefficients  is  significantly  reduced. 

There  are  certain  features  which  are  com- 
mon to  all  three  sets  of  results.  In  each  case,  the 
ratio  of  photodissociation  coefficients  decreases 
with  increasing  solar  zenith  angle,  and  at  a given 
altitude  the  curves  for  different  values  of  surface 
albedo  converge  as  the  solar  zenith  angle  in- 
creases. Remember  that  Fx  for  the  multiple- 
scattering case  consists  of  two  components:  the 
direct  solar  flux  and  the  contribution  due  to 
downward  and  upward  diffuse  radiation.  The 
direct  solar  flux  differs  from  the  pure  absorption 
flux  only  in  terms  of  the  additional  attenuation 
due  to  the  molecular-scattering  optical  depth. 
The  gaseous-absorption  optical  thickness  is  the 
same  for  both  cases.  Contributions  to  the  diffuse 
radiation  field  come  from  two  sources:  scattering 
out  of  the  direct  solar  beam  and  scattering  at  the 
earth’s  surface.  The  diffuse  radiation  is  strongly 
dependent  upon  the  flux  of  photons  incident  at 
the  top  of  the  atmosphere,  which  varies  as  the 
cosine  of  the  solar  zenith  angle.  As  the  solar 
zenith  angle  increases,  a larger  fraction  of  the 
total  flux  is  diffuse,  but  the  incident  flux  at  the 
top  of  the  atmosphere  is  reduced.  As  the  solar 
zenith  angle  increases,  the  direct  solar  flux 
decreases  more  rapidly  for  the  multiple-scattering 
case  because  of  the  molecular-scattering  optical 
depth.  The  net  effect  is  a decrease  in  the  ratio  of 
photodissociation  coefficients.  Because  less  radia- 
tion is  incident  at  the  earth’s  surface  at  large 
solar  zenith  angles,  the  photodissociation  co- 
efficients corresponding  to  different  values  of  the 
surface  albedo  at  a given  altitude  tend  to 
converge  as  the  solar  zenith  angle  increases. 

Conclusions 

There  is  a strong  spectral  variation  in  the 
effect  which  molecular  multiple  scattering  and 
surface  reflection  have  on  photodissociation 
rates.  We  have  analyzed  these  effects  for  three 
basic  spectral  regimes:  187  nm  < X < 290 
nm,  290  nm  < A < 330  nm.  and  330  nm  < 
A < 735  nm.  In  Regime  1 , surface  albedo  has  no 
effect  on  photodissociation  rates  because  vir- 


tually no  radiation  reaches  the  earth’s  surface. 
Molecular  scattering  can  cause  large  relative 
changes  in  Fx  at  large  optical  depths  in  this 
spectral  region,  but  these  changes  in  absolute 
magnitude  are  very  small  when  compared  to 

Fx(~)- 

For  Regimes  2 and  3,  the  combined  effect  of 
molecular  multiple  scattering  and  surface  reflec- 
tion can  cause  severalfold  increases  in  the  strato- 
spheric values  of  the  photodissociation  co- 
efficient for  large  values  of  surface  albedo,  which 
implies  that  significant  changes  in  photodissoci- 
ation rates  might  occur  over  extensive  areas  of 
snow,  ice,  or  cloud  cover.  The  results  are  highly 
sensitive  to  solar  zenith  angle,  especially  for  large 
values  of  surface  albedo.  The  effect  of  molecular 
multiple  scattering  and  surface  reflection  de- 
crease with  increasing  solar  zenith  angle. 

Changes  in  the  concentration  profiles  used  in 
the  calculation  will  alter  these  results  at  wave- 
lengths where  there  is  strong  attenuation  due  to 
gaseous  absorption.  In  Regime  1,  the  ratio  Fx 
(multiple  scattering)/Fx  (pure  absorption)  will  be 
affected  by  changes  in  ozone  concentration  at 
large  optical  depths.  Changes  in  ozone  concentra- 
tion will  also  affect  values  of  this  ratio  near 
600  nm  (the  Chappuis  band).  Because  solar 
absorption  by  N02  is  much  less  than  that  by 
ozone  (see  the  first  part  of  this  paper),  these 
results  are  only  weakly  sensitive  to  changes  in 
N02  concentration. 
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DETERMINING  ATMOSPHERIC  COMPOSITION  FROM 
VERTICAL  PROFILES  OF  DAYTIME  LIMB  BRIGHTNESS 
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ABSTRACT:  Using  the  model  of  solar  radiation  transfer  in  a spherical  atmosphere  described  in  Newell 
and  Gray  (1972),  formulas  were  obtained  for  the  characteristics  of  the  information  content  of  vertical 
profiles  of  the  daytime  horizon  brightness,  in  connection  with  the  formulation  and  solution  of  the 
inverse  problems.  The  results  of  the  calculations  revealed  the  optimal  experimental  conditions  (solar 
zenith  angle  and  wavelength)  for  the  reconstruction  of  the  vertical  distribution  of  the  concentration  of 
three  optically-active  atmospheric  components  (aerosol,  ozone,  air  density)  from  brightness  data  in  the 
wavelength  region  of  0.2-0.7  gra. 


INTRODUCTION 

The  ever  increasing  interest  in  the  problem 
of  climate  change,  and  in  the  factors  causing  it 
(see  Pokrovsky,  1972),  attracts  the  attention  of 
scientists  to  another  problem  — that  of  esti- 
mating the  role  of  various  optically  active 
(gaseous  and  aerosol)  components  of  the  atmo- 
sphere. This  is  the  main  reason  for  recent 
intensification  of  studies  of  the  influence  of 
aerosol  on  radiative  transfer  in  the  atmosphere 
(Kondratyev  et  al.,  1973)  and  the  development 
of  methods  for  remote  sensing  from  space  of 
minor  gaseous  and  aerosol  atmospheric  com- 
ponents (Kondratyev  et  al.,  1974).  This  paper 
discusses  the  possibilities  of  determining  the 
vertical  profiles  of  some  minor  gaseous  and 
aerosol  components  of  the  atmosphere  from 
measurements  of  the  brightness  field  of  the 
daytime  horizon. 

The  problem  of  interpreting  data  on  the 
brightness  field  of  the  daytime  horizon  in  the 
visible  and  infrared  spectral  regions  is  of  interest 
because  it  is  possible  that  such  information  can 
be  used  to  determine  the  vertical  profiles  of  the 
optically-active  components  of  the  troposphere, 
stratosphere,  and  mesosphere  (Kondratyev. 
1972;  Kondratyev  et  al..  1974;  Marchuk  and 
Mikhailov,  1967;  Newell  and  Gray.  1972;  Rosen- 
berg and  Sandomirsky.  1967).  O/  'ne  and  aerosol 
are  among  the  dominant  optically-active  com- 
ponents in  the  abovenientioned  spectral  regions. 
Of  great  importance  also  is  the  determination  of 


the  density  of  the  air  which  is  responsible  for 
molecular  scattering.  The  interaction  between 
solar  radiation  and  the  atmosphere  is  for  present 
purposes  determined  by  the  processes  of  scatter- 
ing and  absorption.  However,  fluorescence  is 
another  possible  process,  and  should  be  kept  in 
mind  in  interpreting  measurement  data. 

FORMULATING  THE  PROBLEM 

To  obtain  information  on  the  vertical  pro- 
files of  the  abovementioned  atmospheric  compo- 
nents, it  is  necessary  to  solve  a problem  which  is 
the  inverse  of  calculating  the  radiation  field  from 
the  transfer  equation.  In  the  case  of  a spherical 
model  of  the  atmosphere,  even  the  latter  prob- 
lem is  very  difficult  to  solve  because  of  the  many 
complications  connected  with  multiple  radiation 
scattering  (Marchuk  and  Mikhailov,  1967).  Apart 
from  the  fact  that  such  problems  have  no 
analytical  solution,  even  their  approximate 
numerical  solution  requires,  as  a rule,  consider- 
able computing  time.  Under  these  circumstances, 
a strict  formulation  of  the  inverse  problem  is 
practically  impossible.  In  this  case  the  only 
alternative  is  to  select  arbitrary  concentration 
profiles,  obtain  the  corresponding  solution  of  the 
direct  problem,  and  then  improve  the  concentra- 
tion profiles  by  an  iterative  procedure  until  the 
calculated  brightness  profiles  agree  with  the 
measured  ones.  However,  since  the  final  varia- 
tions of  the  vertical  profiles  of  the  components 
sought  may  correspond  to  negligibly  small  quan- 
titative variations  of  the  radiation  field,  the 
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abovementioned  approach  can  lead  to  substantial 
errors. 

Newell  and  Gray  (1972)  offer  a simplified 
model  of  radiative  transfer  in  a spherical  atmo- 
sphere which  makes  it  possible  to  establish  the 
analytical  relationship  between  atmospheric  com- 
position and  the  brightness  of  the  daytime 
horizon.  Here  is  its  briei  description.  By  intro- 
ducing the  optical  thickness  r along  the  path 
(X[  ,x2)  in  the  atmosphere 


i 


(1) 

' K*  (X)  + 0a*  (X»dx 

where  pK  (x)  is  the  density  (concentration),  and 
aSK  (X),  aaK  (X)  are  the  scattering  and  absorption 
coefficients  of  the  k -component  at  wavelength  X, 
we  obtain  the  following  expression  for  the  ver- 
tical profile  of  brightness: 


I (A,**) 


B (X,^,h,x) 


• |exP  -tk  (xs,x)}  dx 


(2) 


Here  L (h)  is  the  length  of  the  sighting  line  in  the 
atmosphere,  with  tangent  height  h and  boundary 
point  (on  the  observer’s  side)  xs;  4/  is  the  solar 
zenith  angle,  and  x is  the  running  coordinate  of  a 
point  on  the  sighting  line  (Figure  I ).  The  value  of 
the  source  function  B Ji,x)  is  determined  by 
the  intensity  of  radiation  coming  to  point  x and 
scattered  along  the  sighting  line.  B can  be  repre- 
sented as  the  sum  of  three  terms  Bs,  BA,  BM. 
which  determine  respectively  1 ) the  contribution 
of  direct  solar  radiation  (primary  scattering),  2) 
the  contribution  of  radiation  reflected  by  the 
underlying  surface,  and  3)  the  contribution  of 
multiple-scattered  radiation.  The  following  repre- 
sentation is  valid  for  function  B: 


Bs  (X,i£,h,x)  = PK  (4>)  • oSK  (X)  *pK  (x) 

K 

(3) 

•S(X)-eri<x*-x) 

Here  S (X)  is  the  intensity  of  solar  radiation  at 
the  point  for  the  wavelength  X,  and  PK  (4j)  is  the 


scattering  phase  function  of  the  k -component. 
Supposing  that  the  underlying  surface  reflects 
solar  radiation  according  to  Lambert’s  law, 
Newell  and  Gray  (1972)  used  for  BA  the  follow- 
ing representation: 

BA  (X,\)/Ji,x)  = A(X,^,h,ws) 

(4) 

• Bs  (X,^di,x) 

Here  function  A is  connected  analytically  with 
both  ws  (the  underlying  surface  albedo)  and  the 
values  of  pK  (x)  for  the  lower  (relative  to  L(h)) 
atmospheric  layers.  The  calculations  of  Newell 
and  Gray  for  the  direct  problem  by  the  Monte 
Carlo  method  have  shown  that  for  a number  of 
atmospheric  models  the  source  function  BM  can 
be  represented  approximately  by  the  following 
formula: 


Bm  (X,i(/,h,x)  = m(X,<i<,h) 

X (Bs  (X.i^Ji.x)  + Ba  (X,i//,h,x)) 


(5) 


Here  the  empirical  multiplier  m is  a function  of 
X,  i//,  h only,  and  it  is  independent  of  the 
variations  of  profiles  pK  (x)  within  a given 
ensemble  of  functions.  Now,  if  we  designate  by 
Is  (X,i//,h)  the  radiation  intensity  corresponding 
to  the  source  function  Bs,  the  total  radiation 
intensity  will  take  the  form  of 

I (X,i//,h)  = (1  + m(X.i//.h))X 

(6) 

( I + A (X,4/,h,cos))  1S(X,J/ Ji) 

If  we  now  insert  (3)  into  (2)  and  also  take  into 
account  (4),  (5).  and  (6),  we  can  easily  obtain 
explicit  expressions  for  the  dependence  of 
I (X,i/\h)  on  pK  (x),  which  will  be  determined  by 
a system  of  non-linear  integral  equations  of  the 
first  kind.  Therefore,  assuming  that  the  charac- 
teristics of  the  interaction  between  radiation  and 
atmospheric  components  oSK  (X),  oaK  (X),  and 
PK  (i^)  are  absolutely  known,  it  becomes  possible 
to  formulate  strictly  the  problem  of  finding  the 
PK  (x)  by  inversion  of  the  integral  equations 
mentioned  above. 

Naturally,  for  the  conditions  of  the  real 
atmosphere  we  cannot  have  precise  information 
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on,  for  instance,  the  spatial  distribution  of 
aerosol  optical  parameters  (scattering  function, 
absorption  and  scattering  coefficients)  which 
vary  due  to  the  spatiotemporal  variations  of  the 
chemical  composition  and  microstructure  of  the 
aerosol.  In  this  most  difficult  situation  it  appears 
worthwhile  to  analyze,  at  the  first  stage  of  the 
investigations,  the  possibilities  of  obtaining  the 
information  required  about  each  of  the  variable 
parameters  in  turn,  supposing  that  every  other 
parameter  is  known  precisely  and  is  fixed.  In 
recent  years  considerable  experience  in  solving 
such  problems  in  connection  with  the  considera- 
tion of  inverse  problems  for  the  infrared  region 
has  been  accumulated  (Pokrovsky  and 
Timofeyev,  1972).  Therefore,  in  formulating  the 
problem  of  determining  atmospheric  compo- 
sition as  shown  above,  it  appears  worthwhile  to 
perform  the  investigations  according  to  the  usual 
scheme  (for  inverse  problems)  (Pokrovsky, 
1972).  The  first  important  stage  of  such  an 
investigation  should  be  the  study  of  the  informa- 
tion content  of  the  experiment,  and  the  determi- 
nation of  optimal  measurement  conditions:  i.e., 
the  determination  of  those  values  of  the  con- 
trollable variables  X,  \p,  h at  which  the  measured 
function  I (X,  h)  contains  the  largest  amount 
of  information  about  one  or  another  atmospheric 
component.  This  paper  presents  the  results  of 
such  an  investigation,  based  on  the  supposition 
that  vertical  distributions  ps  (h)  (j  = 1,2,3)  of 
three  atmospheric  components  are  taken  as  the 
unknown  parameters. 

INFORMATION  CHARACTERISTICS  OF  THE 
EXPERIMENT 

In  the  numerical  solution  of  the  problem, 
the  initial  system  of  integral  equations  should  be 
approximated  by  the  corresponding  system  of 
algebraic  equations.  For  this  purpose,  the  interval 


of  the  variation  of  each  of  the  independent 
variables  (X,  \p,  h,  x)  is  covered  with  a finite  net 
of  the  values  of  these  variables  (|X,J,  j^J, 
Jh^|,  jx/|),  and  the  integral  expressions  are 
replaced  by  the  corresponding  quadratic  sums. 
The  algebraic  system  can  formally  be  expressed 
as  follows: 

1 (V  h*)  = A [ps  (x,)]  + ei/k  (7) 

(i  = 1,  ...,  /;/  = 1,  ...,J;I=  1, ....  A;  fc  = 1, ..., 

K;s=  1,2,3) 

Here  ej/k  is  the  sum  of  errors  of  the  experiment 
and  those  of  the  model  used  with  X,-,  i pj,  ht.  The 
unknown  parameters  form  three  A -dimensional 
vectors  pj,  p2,  p 3.  These  distributions  fluctuate 
at  random  relative  to  the  known  mean  p j , p2 , 
Pj.  Let  us  assume  that  the  deviation  vectors 
Aps  =ps  - Pj  (s  = 1,2,3)  are  distributed  accord- 
ing to  the  normal  law  with  the  known  covariance 
matrices  Kt,  K2,  K3,  respectively.  Radiation 
variations  corresponding  to  component  devia- 
tions Aps  (s  = 1,2,3)  are  described  by  the  follow- 
ing system  of  equations 

3 L 

^ijk  “ Z Z I + ei/k 

s=l  1=1 

containing  the  operators  of  partial  derivatives 

A&*=1 ft'1  ;0,,/  = M*/))  (9) 

calculated  with  the  mean  values  of  the  distribu- 
tions sought  for  Pj  (s  = 1 ,2,3).  Making  use  of  (8), 
we  come  to  the  conclusion  that  A\l/k  are  also 
random  values  having  covariance  matrices 


(10) 


(K'm  is  an  element  of  matrix  Ks  (s  = 1,2,3)). 
Here  and  below,  summation  over  every  index 
met  twice  is  supposed.  Now,  in  accordance  with 
the  results  of  Pokrovsky  (1972),  it  is  possible  to 
calculate  the  information  content  (in  Shannon’s 
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sense)  about  one  or  another  of  the  ps(h)  compo- 
nents sought,  contained  in  the  results  of 
measuring  1. 

Due  to  the  non-linear  character  of  system 
(7),  the  set  of  operators  A'^*  contains  all  the 
possible  information  on  the  sensitivity  of  meas- 
ured values  li//c  to  variations  of  the  unknown 
parameters  Aps/.  However,  as  can  be  seen  from 
(9),  the  array  of  partial  derivatives  depending  on 
five  indices  has  a rather  complex  structure, 
allowing  no  possibility  of  direct  analysis  and 
clear  (for  instance,  graphic)  presentation.  The 
only  way  to  overcome  this  difficulty  is  index 
contraction,  a procedure  well  known  in  tensor 
calculus.  Let  us  use  this  procedure  to  obtain 
several  information  characteristics  of  the  experi- 
ment. According  to  Pokrovsky  (1972),  the  total 
information  content  extracted  from  measure- 
ments of  ljjk  is  determined  by  the  relationship 


J 0//*)  = \ ' l°g2 


IKf  I 
IKf  | 


(|A|  is  the  determinant  of  matrix  A). 


By  introducing  the  reduced  covariance  matrix  of 
signal 


J0,/*-Pim)  = 2 • 1o82 


IKf*  I 


IKf*  (sm)| 


(13) 


Indices  ij,k  correspond  to  values  of  the  con- 
trolled variables  X,  J/,  h (on  a discrete  net),  the 
choice  of  which  determines  the  conditions  of  the 
experiment.  By  making  use  of  formulae  (12)  and 
(13)  it  is  possible  to  set  up  the  problem  of 
finding  the  optimal  values  of  the  controlled 
variables. 

Let  us  investigate  the  dependence  of  the 
informant  on  one  of  the  three  such  variables.  In 
this  case,  the  contraction  of  matrices  over  the 
other  two  variables  should  be  performed  in  the 
right  part  of  (12)  and  (13)  by  summation  over 
the  corresponding  indices.  If  the  value  of  one  of 
the  controlled  variables  has  already  been  fixed, 
the  contraction  is  performed  over  one  index 
only.  Combining  the  operation  of  contraction 
and  fixation  for  various  indices  and  components 
in  formulas  analogous  to  (12)  and  (13),  we 
obtain  a whole  series  of  informants  which  fully 
characterize  the  information  content  of  the 
experiment,  and  provide  the  basis  for  its  optimal 
planning. 

OPTIMAL  MEASUREMENT  CONDITIONS 


Kf  (s)  = Kf  - Ag*  • Kjm  • (A'/*)»  , (i  i) 

we  obtain  the  formula  for  the  informant  J,  the 
amount  of  information  about  ps  contained  in 
h/k> 

, IKf| 

(12) 

It  is  also  possible  to  introduce  a more  detailed 
characteristic  relating  to  component  ps  in  the 
m th  atmospheric  layer.  For  this  purpose,  the 
operation  of  reduction  for  only  the  mth  diagonal 
element  of  matrix  K j'*  in  (11)  is  necessary.  The 
substitution  of  the  result  of  K Vk  (stn)  into  (12) 
will  give  the  following  formula  for  the 
informant: 


The  above  set  of  information  functions  was 
used  in  the  analysis  of  the  information  content 
of  the  data  on  vertical  distributions  of  the 
daytime  horizon  brightness  profiles  in  the 
0.2-0.7  pm  region. 

Let  us  dwell  on  the  elements  of  the  atmo- 
spheric optical  model  used,  proceeding  from  the 
fact  that  in  the  spectral  range  considered  it  is 
necessary  to  take  into  account  the  two  kinds  of 
interaction  between  solar  radiation  and  atmo- 
spheric components,  i.e.,  scattering  and  absorp- 
tion. Both  molecular  and  aerosol  atmospheric 
components  scatter  light.  The  Rayleigh  scattering 
determines  the  law  of  interaction  between  radia- 
tion and  the  molecular  component.  The  optical 
characteristics  of  aerosol  (the  coefficient  and 
scattering  function)  were  calculated  by  making 
use  of  the  parameters  n = 1 .35,  v = 3;  (n  is  the  re- 
fractive index;  it  is  assumed  that  aerosols  are  a 
purely  scattering  component,  and  that  their 
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microstructure  is  described  by  Junge’s  formula 
with  the  value  v = 3.) 

In  the  region  considered,  ozone  absorbs  solar 
radiation  much  more  intensely  than  do  other 
gaseous  components  and  aerosol  and  may  be 
considered  to  be  the  only  absorbing  component. 
Thus,  this  model  contains  three  components 
which  actively  influence  the  formation  of  the 
brightness  field. 

For  the  purposes  of  calculation,  the  real 
atmosphere  was  approximated  by  a stratified 
spherically-symmetrical  model.  The  80-km  atmo- 
spheric thickness  considered  was  divided  into  32 
elementary  layers  2.5  km  thick. 

As  follows  from  the  results  of  the  above 
section,  in  order  to  calculate  the  information 
characteristics  it  is  necessary  to  give  the  vertical 
distributions  of  the  density  of  the  components 
considered,  as  well  as  the  covariance  matrices 
describing  natural  variations  of  these  distribu- 
tions relative  to  the  mean  values.  The  corre- 
sponding data  on  air  density  were  borrowed  from 
Groves  (1970).  The  data  on  ozone  concentration 
were  borrowed  from  Wu  (1970).  Elterman’s 
“synthetic  model”,  which  was  the  basis  of  the 
work  in  Newell  and  Gray  (1972),  was  used  as  the 
mean  distribution  of  the  aerosol  attenuation 
coefficient.  The  elements  of  the  corresponding 
covariance  matrix  were  calculated  under  the 
assumption  that  within  the  3a  dispersion  interval 
the  attenuation  coefficient  can  vary  by  one  order 
of  magnitude.  All  the  calculations,  with  the 
exception  of  some  specified  cases,  were  based  on 
the  assumption  that  the  sensitivity  of  the 
receivers  of  the  spectral  instruments  constituted 
10'5  n W/m2  nm  ster. 

As  has  already  been  mentioned  above,  the 
scheme  of  the  experiment  (illustrated  in  Figure 
1)  is  determined  by  the  choice  of  values  of  the 
three  controlled  variables  X,  i li,  h.  By  the  use  of 
index  contraction,  the  dependences  of  informa- 
tion content  on  each  of  the  variables  were 
obtained. 

Figure  2 shows  the  graphs  of  the  depen- 
dences on  wavelength  of  the  information  content 
of  the  measurement  data  (separately  for  each  of 
the  components)  for  a number  of  solar  zenith 
angles  with  ws  = 0.  According  to  these  data,  it 
can  be  concluded  that  measurements  of  the 
brightness  field  of  the  daytime  horizon  contain 


considerable  information  on  the  vertical  distribu- 
tion of  aerosol,  much  less  information  on  the 
ozone  concentration,  and  still  less  information 
on  variations  of  the  air  density. 


Figure  2.  Dependence  of  the  information  content  J 
of  measurements  on  the  wavelength  X,  for 
three  solar  zenith  angles  <i/. 

Analysis  of  the  data  presented  in  Figure  2 
makes  it  possible  to  determine  the  values  of  X 
which  are  optimal  from  the  point  of  view  of 
remote  sounding  of  each  of  the  atmospheric 
components  considered.  With  respect  to  ozone, 
wavelengths  near  X = 300  nm  are  most  informa- 
tive. The  220-nm  wavelength  is  somewhat  less 
informative.  It  should  be  noted  that  neither  of 
these  optimal  wavelengths  coincides  with  the 
position  of  maximum  absorption  in  the  Hartley- 
Huggins  bands  (265  nm).  In  the  Chappuis  band, 
X = 590  nm  appears  to  be  optimal  for  ozone 
sounding.  Consideration  of  the  aerosol  informant 
shown  in  Figure  2 makes  it  possible  to  conclude 
that  the  maximum  of  information  is  contained  in 


the  measurement  data  near  X = 700  nm  and  near 
440  nm.  Both  of  these  spectral  regions  corre- 
spond to  local  minimums  of  absorption  by 
ozone.  Measurements  near  X = 700  nm  appear  to 
be  more  informative,  because  the  contribution  of 
molecular  scattering  decreases  abruptly  with 
wavelength.  However,  the  data  of  Figure  2 make 
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it  possible  to  conclude  that  with  the  increase  of 
the  solar  zenith  angle  \p,  the  difference  in  the 
information  content  between  wavelengths 
X = 440  nm  and  X = 700  nm  diminishes,  and  is 
already  negligible  at  ^ = 60°. 

With  respect  to  the  vertical  distribution  of 
air  density,  the  most  informative  measurements 
occur  in  the  350-370  nm  spectral  interval.  Con- 
sideration of  the  dependences  of  the  information 
on  X at  different  solar  zenith  angles  i/,  makes  it 
possible  to  discover  certaih  regular  features. 
Information  on  the  aerosol  component  increases 
with  the  increase  of  \p,  which  is  due  to  the 
growing  radiation  intensity,  determined  by  the 
primary  scattering  on  aerosol  particles.  Due  to 
the  elongated  aerosol  scattering  function,  the 
relative  contribution  of  aerosol  scattering 
increases.  This  circumstance  accounts  for  the 
decrease  of  the  molecular  and  ozone  informants 
with  increasing  tp.  It  should  be  emphasized  that 
these  results  are  for  a non-reflecting  underlying 
surface,  whose  albedo  is  o>s  = 0.  For  real  condi- 
tions the  surface  albedo  varies  between  0.1  and 
0.8.  Therefore,  let  us  now  consider  the  results  of 
investigating  the  dependence  of  the  information 
content  on  u%. 

Figure  3 shows  the  graphs  of  such  depen- 
dences of  the  aerosol  and  ozone  informants  on 
ws  at  three  solar  zenith  angles.  In  considering 
these  data,  two  opposed  regular  trends  should  be 
noted:  as  ws  increases,  the  aerosol  informant 
increases  and  the  ozone  informant  decreases.  The 
increase  of  information  on  the  aerosol  compo- 
nent can  easily  be  accounted  for  by  the  increas- 
ing intensity  of  solar  radiation  reflected  by  the 
underlying  surface  and  scattered  along  the  sight- 
ing line.  Here  the  relative  contribution  of  radia- 
tion single-scattered  by  aerosol  particles 
increases. 

As  can  be  seen  from  formulae  (11)  and  (12), 
the  informants  obtained  are  relative  character- 
istics, in  the  sense  that  they  are  normalized  for 
the  total  amount  of  information  (on  the  three 
components  simultaneously).  It  is  to  this  circum- 
stance that  the  decrease  of  the  ozone  informant 
with  increasing  ws  is  due.  The  calculations  made 
show  that  with  the'increase  of  ws,  discrepancies 
in  the  values  of  the  ozone  informant  between 
X = 220nm  and  X = 310nm  are  reduced,  and 
have  already  disappeared  completely  at  cjs  = 0.6. 


T 


T 
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Figure  3.  Dependence  of  the  information  content  J 
of  measurements  on  the  underlying  sur- 
face albedo  ojs,  for  three  solar  zenith 
angles  \h. 
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The  data  shown  in  Figure  3 reveal  that  with 
the  increase  of  \p,  the  dependence  of  the  infor- 
mation content  of  the  experiment  on  the  value 
of  the  albedo  ws  weakens  notably.  Beginning 
with  \j/  = 60° , the  aerosol  informant  becomes 
completely  independent  of  tos.  It  has  already 
been  mentioned  above  that  the  optimal  condi- 
tions for  measuring  the  aerosol  component  are 
characteristic  of  high  values  of  «//.  Therefore,  in 
determining  the  aerosol  vertical  profile  from 
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optimal  measurements,  the  contribution  of  the 
underlying  surface  may  be  neglected.  The  ozone 
informant  remains  dependent  on  <os  for  small 
values  of  the  albedo.  Since  low  zenith  angles 
provide  more  favorable  conditions  for  measuring 
ozone,  here  underlying  surfaces  with  small 
albedos  are  preferable. 

The  dependence  of  the  informants  on  solar 
zenith  angle  was  mentioned  earlier.  Let  us  now 
consider  the  problem  in  more  detail.  Figure  4 
presents  the  characteristics  of  the  information 
content  of  the  experiment  as  functions  of  ip. 
Under  the  assumption  that  the  optical  character- 
istics of  aerosol  are  known  precisely,  the  increase 
of  the  aerosol  informant  with  growing  solar 
zenith  angle  (Figure  4a)  can  easily  be  accounted 
for  by  the  elongation  of  the  scattering  function. 
In  accordance  with  (3),  (4),  and  (5),  the  source 
function  (along  the  line  of  sight)  depends  linearly 
on  the  value  of  the  scattering  function  for  a fixed 
zenith  angle.  The  data  of  Figure  4a  also  make  it 
possible  to  conclude  that  with  the  increase  of  ip 
the  differences  between  the  information  content 
of  measurements  at  the  optimal  wavelengths 
440  nm  and  700  nm  remain,  but  appear  to  be 
negligible  in  the  region  of  optimal  angles  90-95°. 

It  should  be  noted,  however,  that  the  actual 
variability  in  the  physical  properties  and 
chemical  composition  of  aerosol  particles  causes 
considerable  variations  in  their  optical  properties. 
In  particular,  fluctuations  in  the  size  distribution 
of  particles  lead  to  considerable  variations  of  the 
scattering  function.  Here  the  greatest  variations 
occur  for  scattering  angles  0-20°,  corresponding 
to  zenith  angles  70-90°.  On  the  other  hand,  the 
relative  contribution  of  multiple-scattered  radia- 
tion decreases  with  the  increase  of  ip.  Therefore, 
errors  connected  with  the  use  of  approximation 
(5)  will  also  be  much  smaller  with  large  values  of 
ip.  Since  the  above-mentioned  factors  tend  to 
compensate  for  each  other,  it  may  be  supposed 
that  their  effect  on  the  position  of  optimal  values 
is  insignificant. 

Since  the  Rayleigh  scattering  function  is 
much  less  elongated  than  the  aerosol  scattering 
function,  the  relative  contribution  of  radiation 
scattered  by  aerosol  increases  more  rapidly  with 
the  angle  i p than  does  the  contribution  of  the 
molecular  component.  This  results  in  the 
decrease  of  the  molecular  informant  with  the 
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Figure  4.  Dependence  of  the  information  content  1 
of  measurements  on  the  solar  zenith  angle 
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increase  of  ip.  Therefore,  zenith  angles  close  to 
ip  = 0°  are  most  favorable  for  determining  air 
density. 

Figure  4b  shows  angular  dependences  of  the 
ozone  informants  for  three  optimal  wavelengths: 
310,  220,  and  590  nm.  Most  characteristic  of 
these  functions  is  their  weak  dependence  on  ip  in 
the  interval  between  -60°  and  +10°,  and  a 
considerable  decrease  of  the  information  content 
with  ip  > 30°.  For  measurements  with 
A = 310nm  the  greatest  information  content 
corresponds  to  solar  zenith  angles  close  to 
\p  = 20°.  For  other  wavelengths  the  maximums 
of  information  take  place  at  ip  =0°  and  -30°.  It 
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can  be  seen  from  the  data  of  Figure  4b,  however, 
that  the  range  of  angles  from  -10°  to  +20°  may 
be  considered  favorable  for  simultaneous  meas- 
urements at  two  or  more  wavelengths. 

The  foregoing  considerations  are  derived 
from  formulae  like  (12).  The  corresponding 
information  characteristics  give  an  idea  of  the 
total  information  content  of  remote  sensing 
(under  various  experimental  conditions)  relative 
to  the  whole  vertical  distribution  of  the  atmo- 
spheric component  considered.  However,  it  is 
also  important  to  have  data  on  the  information 
content  for  individual  atmospheric  layers.  The 
corresponding  informants  for  various  experi- 
mental conditions  can  be  calculated  using 
formulae  like  (13). 

Figure  5 shows  the  results  of  calculations  of 
the  information  content  of  the  experiment  for 
determining  aerosol  and  ozone  profiles.  As  can 
be  seen  from  Figure  5a,  the  measurement  data 
for  X = 700  nm  contain  the  largest  amount  of 
information  on  the  aerosol  concentration  in  the 
30-60  km  layer.  Below  15-20  km  and  above 
70  km  the  experiment  yields  practically  none  of 
the  necessary  information.  In  the  height  interval 
20-65  km,  with  increasing  i p the  information 
content  increases  uniformly.  The  vertical  struc- 
ture of  the  aerosol  informant  for  X = 440  nm 
(not  shown)  differs  from  that  described  above,  in 
that  its  upper  limit  of  sounding  is  lower 
(40-50  km),  corresponding  to  an  increase  of 
information  content  in  the  10-30  km  layer.  Thus, 
the  basic  information  on  the  aerosol  distribution 
can  be  obtained  from  the  data  of  measurements 
with  X = 700  nm.  The  use  of  measurement  results 
for  X = 440  nm  may  appear  worthwhile  in  con- 
nection with  the  sensing  of  aerosol  layers  at 
heights  around  20  km. 

The  vertical  profiles  of  the  information 
content  of  the  experiment  for  the  ozone  compo- 
nent for  the  optimal  value  of  X = 310nm  and 
two  quasi-optimal  values  of  X = 220,  590  nm 
(Figure  5b)  differ  markedly.  Measurements  at 
X = 310  nm  chiefly  contain  information  on  atmo- 
spheric layers  in  the  30-65  km  height  interval. 
The  data  obtained  from  the  brightness  profile  at 
X = 590  nm  in  the  less  intense  Chappuis  absorp- 
tion band  relate  to  the  height  range  15-45  km.  It 
can  be  seen  from  the  data  of  Figure  5b  that,  with 
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Vertical  profiles  of  the  information  con- 
tent of  the  experiment. 


regard  to  its  information  content,  the  spectral 
region  at  X = 220  nm  is  somewhat  analogous  to 
the  optimal  interval  at  X = 310nm.  Taking 
account  of  the  importance  of  the  problem  of 
sensing  the  ozone  layer  located  at  the  height  of 
20-25  km,  it  may  be  concluded  that  it  is  neces- 
sary to  use  the  data  of  measurements  at  both 
wavelengths  (310  nm)  and  (590  nm)  to  recon- 
struct the  vertical  profile  of  ozone. 
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The  above  estimates  were  calculated  for  a 
radiation-sensor  sensitivity  level  of  10"5  jrW/ 
m2  nm  ster.  Figure  6 shows  the  vertical  profiles 
of  the  aerosol  and  ozone  informants  for  other 
sensitivity  levels  of  the  instruments.  The  above 
data  show  that  the  information  content  of  the 
experiment  is  substantially  dependent  on  the 
sensitivity.  With  the  decrease  of  the  sensitivity 
level  to  10'4  /iW/m2  nm  ster.,  the  upper  limit  of 
aerosol  sounding  decreases  to  50-55  km,  whereas 
the  lower  boundary  of  ozone  sounding  rises  to 
30  km.  In  the  case  of  very  poor  sensitivity 
(10'2  /iW/m2  nm  ster)  the  upper  boundary  of 
this  indirect  method  of  aerosol  sounding  appears 
to  be  35-40  km,  and  the  lower  boundary  of 
ozone  sounding,  determined  by  the  vertical 
profile  of  the  ozone  informant,  is  35  km.  With  a 
decrease  in  sensitivity,  the  information  content 
of  the  experiment  also  decreases. 

CONCLUSION 

Since  this  paper  describes  the  solution  of  the 
problem  of  planning  the  experiment,  its  results 
can  be  used  directly  in  connection  with  the 
development  of  instrumentation.  We  have  deter- 
mined optimal  measurement  conditions  (the 
solar  zenith  angle,  the  wavelength)  for  each  of 
the  three  atmospheric  components  (aerosol, 
ozone,  the  molecular  component)  which  are  of 


interest  to  us.  It  has  been  found  that  the  bright- 
ness profiles  provide  the  most  information  for 
the  aerosol  component.  They  provide  the  least 
for  air  density.  The  influences  of  the  underlying 
surface  albedo  and  of  the  measurement  error 
level  have  been  investigated.  The  distribution  of 
information  for  each  of  the  components  in  dif- 
ferent atmospheric  layers  has  been  analyzed. 
These  results  make  it  possible  to  assess  the  pos- 
sibilities of  the  considered  method  of  remote 
sensing.  However,  to  estimate  the  accuracy  of 
the  method,  it  is  necessary  to  compare  the 
atmospheric -component  vertical  profiles,  recon- 
structed from  the  data  on  brightness  profiles 
using  this  model,  w:th  those  obtained  from  direct 
concentration  meas  irements.  It  appears  desirable 
to  assess  the  dependence  of  the  information  con- 
tent of  brightness  measurements  on  the  param- 
eters of  the  microstructure  of  aerosol  (particle 
size  distribution,  complex  index  of  refraction). 
Of  great  interest  is  the  problem  of  the  informa- 
tion content  of  the  polarization  characteristics  of 
the  radiation  field. 
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THEORY  OF  RADIATIVE  TRANSFER 


DISCUSSION 

VUPPUTURI:  I have  a comment  on  ozone  and  tempera- 
ture coupling.  Depending  upon  where  you  reduce  the 
ozone  in  the  stratosphere,  it  can  produce  heating  or 
cooling  of  the  surface.  For  example,  in  my  2-D  model,  if 
you  reduce  the  ozone  in  the  upper  stratosphere,  the 
radiation  that  is  not  being  absorbed  there  (because  of 
the  ozone  reduction)  is  being  absorbed  at  a lower  level. 
This  produces  a shift  in  the  tropopause  of  about  5 
kilometers,  and  where  this  shift  occurs,  it  produces  a 
heating  effect.  Also,  Dr.  Callis,  you  mentioned  that  the 
albedo  effect  is  comparable  to  the  aerosol  effect,  as  I 
understand  it.  Did  you  incorporate  the  aerosols  into 
your  model?  If  so,  did  you  still  get  the  same  effect? 

CALLIS:  I did  not  calculate  the  aerosols  in  the  model. 
The  comparisons  that  1 was  alluding  to  were  the  work  of 
Herman,  which  was  reported  here  last  year  and  appears 
in  the  CIAP  3 Proceedings.  I took  a look  at  the  change 
in  the  albedo,  based  on  his  calculations  which  were 


carried  out  at  1/2  micron,  for  various  particulate 
loadings  between  15  and  25  kilometers.  On  the  basis  of 
his  conclusions,  it  seems  that  the  change  he  observes  is 
of  the  same  order  of  magnitude  as  the  change  associated 
with  the  decrease  in  ozone.  We  are  now  in  the  process  of 
including  aerosols  in  a calculation  of  our  own  so  that  we 
can  do  parametric  studies  of  this  particular  problem. 

(UNIDENTIFIED):  Dr.  Callis,  what  method  do  you  and 
your  co-workers  use  for  your  multiple-scattering 
calculations? 

CALLIS:  The  method  we  use  is  a calculation  routine 
that  I developed  and  reported  in  1972.  The  radiative- 
transfer  equation  becomes  a hyperbolic  equation,  and 
solution  techniques  that  are  well  adapted  to  hyperbolic 
systems  apply.  It  turns  out  that  this  solution  is 
unconditionally  stable  and  convergent,  and  can  be  as 
accurate  as  you  choose  to  make  it,  depending  on  your 
selection  of  the  zenith  angle,  the  azimuthal  coordinates, 
and  the  vertical  coordinates. 
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ABSTRACT:  A two-dimensional  photochemical  model  of  the  troposphere  and  stratosphere  is 
formulated.  Calculated  meridional  and  seasonal  distributions  of  important  constituents  are  presented, 
and  it  is  shown  that  there  is  often  a very  good  correspondence  between  theoretical  and  observed 
concentrations.  Transport  of  water  vapor,  its  evaporation  at  ground  level,  and  its  removal  by 
precipitation,  as  well  as  rainout  processes  for  gases  in  the  troposphere,  are  considered.  The  transport 
parameterization  derived  in  this  study  yields  a ‘dry’  stratosphere. 

It  is  calculated  that  variations  in  NO  production  from  galactic  cosmic  rays  over  the  1 1-year  solar 
cycle  may  cause  variations  in  the  total  ozone  content  at  high  latitudes  of  at  most  0.5%,  which  is  about 
10  times  less  than  observed.  Estimates  are  presented  of  the  effect  on  the  ozone  layer  of  aircraft  flying 
in  the  stratosphere. 


INTRODUCTION 

One-dimensional  models  have  given  a re- 
markably accurate  description  of  the  average 
vertical  distribution  of  a number  of  photo- 
chemically  reactive  gases  in  the  atmosphere  (see, 
e.g.,  Crutzen  (1973,  1974)  and  Wofsy  and 
McElroy  (1974)).  Such  models  have  formed, 
therefore,  much  of  the  basis  for  the  assessment 
of  the  possible  future  environmental  impact 
of  aircraft  operations  in  the  stratosphere 
(Grobecker  et  al.,  1974;  NAS,  1975).  The  pub- 
lished estimates  of  future  ozone  reductions 
obtained  with  higher-order  models  (e.g., 
Hesstvedt,  1974;  Cunnold  et  al.,  1975)  do  not 
differ  grossly  from  those  obtained  with  the 
one-dimensional  models.  Nevertheless,  it  is  clear 
that  further  development  of  higher-order  models 
is  extremely  important,  mainly  because  such 


models  allow  a better  interpretation  of  observa- 
tional data.  Ideally  models  should  be  developed 
which  permit  detailed  studies  of  full  interactions 
between  radiative,  photochemical,  and  hydro- 
dynamical  processes.  Among  the  simplest  higher- 
order  models  should  be  ranked  the  two- 
dimensional,  zonally-averaged  models  in  which 
the  transport  of  the  chemical  constituents  is 
prescribed  by  sets  of  empirically-derived  trans- 
port parameters,  while  temperatures  are  chosen 
to  be  equal  to  the  average  observed  temperatures. 
In  such  models  it  is  assumed  that,  to  a first 
approximation,  any  changes  to  the  chemical 
composition  of  the  stratosphere  (e.g.,  caused  by 
human  activities)  do  not  alter  the  average 
temperatures  and  transport  parameters  of  the 
unperturbed  state. 

In  this  paper  a two-dimensional,  time- 
dependent  photochemical  model  is  presented. 


‘This  article  does  not  cover  exactly  the  same  material  that  was  presented  at  the  fourth  Conference  on  C'lAP.  In 
particular,  since  the  effect  of  halogen  compounds  on  stratospheric  ozone  has  been  treated  in  a number  of  recent  papers, 
it  seemed  more  worthwhile  to  devote  the  present  discussion  to  the  original  ClAP-rclatcd  issues,  which  centered  around 
the  effects  of  oxides  of  nitrogen  (natural  or  man-made)  on  the  ozone  layer. 

Due  to  time  limitations,  this  presentation  is  rather  short  and  the  author  apologizes  for  the  fact  that  the  number  of 
references  has  been  kept  to  a minimum.  A more  extensive  version  of  this  article  will  be  prepared  in  the  near  future. 

**NCAR  is  sponsored  by  the  National  Science  f oundation. 
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which  incorporates  the  photochemistry  and 
meridional  transport  of  a great  number  of 
important  gaseous  compounds  from  ground  level 
to  about  55  km.  A set  of  transport  parameters 
(eddy-diffusion  coefficients)  is  derived,  which 
seems  to  describe  satisfactorily  the  meridional 
and  seasonal  distributions  of  ozone  and  other 
constituents.  This  model  is  used  to  calculate  the 
global  variations  in  total  ozone  caused  by 
periodic  variations  in  the  intensity  of  galactic 
cosmic  rays.  Estimates  will  also  be  presented  of 
reductions  in  total  ozone  which  would  be  caused 
by  the  operation  of  large  fleets  of  supersonic 
aircraft  in  the  stratosphere. 

MODEL  DESCRIPTION 


The  set  of  photochemical  reactions  used  in 
this  model  is  given  in  Table  1.  The  continuity 
equation  which  describes  the  rate  of  change  with 
time  (t)  of  the  zonal-average  concentration  of 
any  constituent  or  combination  of  constituents 
(X)  at  a given  latitude  (0)  and  height  (z)  can  be 
written  in  the  following  way: 


a(X)  _ a 
at  ' dz 


a cos0  30  (LOS0  Fy) 


+ P(X) 


(I) 


In  this  expression  P(X)  is  the  net  production  of 
X (which  includes  both  photochemistry  and 
rainout),  a is  the  radius  of  the  earth,  and  Fy  and 
Fz  are  the  northward  and  upward  components  of 
the  meridional  flux  of  X,  which,  considering 
mean  motions  and  eddy  diffusion,  may  be 
approximated  by  the  following  formulae  (Reed 
and  German,  1965): 


y - Kyy(M)  Mx  ~ Kyz(M)  p 


a_ 

3z  r‘x 


+ v(X) 


F*  -KyZ(M)  ^ nx  K„(M)  a,;A<x 


(2) 


3z 


+ w (X) 

((M)  = concentration  of  air  molecules;  /jx  = 
(X)/(M);  dy  = ad0;  v,  w are  northward  and 
upward  components  of  the  mean  meridional 


winds;  Kyy,  Kyz,  and  Kzz  are  eddy-diffusion 
coefficients.)  Kyz=0  when  upward  and  down- 
ward motions  are  statistically  uncorrelated; 
otherwise,  mixing  occurs  preferentially  along 
surfaces  which  slope  with  an  angle  a with  regard 
to  the  horizontal  plane.  In  that  case  we  may 
write,  to  a first-order  approximation  (Reed  and 
German,  1975), 

Kyy  = K„ 

Kyz  “ aK|  [ 

Kzz  = K22  +a2K,] 

where  Kj  j and  K22  denote  the  diffusion  coeffi- 
cient along  and  perpendicular  to  the  main  diffu- 
sion axis.  With  the  aid  of  expression  (3)  it  is  easy 
to  derive  the  diffusion  coefficients  applying  to 
any  arbitrary  coordinate  system.  The  values  for 
Kj  j . a,  and  K22  applied  in  this  study  are  shown 
in  Table  2-5.  These  values  were  obtained  by 
‘trial  and  error”  to  give  the  best  agreement 
between  the  observed  and  calculated  temporal 
and  latitudinal  distributions  of  ozone  and  water 
vapor.  Insufficient  information  is  available  on 
trace-gas  distribution  above  about  30  km,  so  the 
evaluation  of  eddy-diffusion  coefficients  in  these 
regions  is  quite  arbitrary.  Mean-wind  data  for  the 
four  seasons  were  adopted  from  Louis  (1974).  In 
order  to  satisfy  mass-continuity  requirements, 
the  wind  components  were  expressed  as  meri- 
diomtl  derivatives  of  the  stream  function. 

Pressure  coordinates  were  adopted  as  the 
vertical  coordinates  in  this  study.  This  is  again 
important  to  satisfy  the  mass-continuity  require- 
ments, which  seems  essential  since  we  are  inter- 
ested in  relatively  small  (of  the  order  of  1%) 
changes  in  total  ozone  due  to  anthropogenic 
influences.  Typically,  in  two-dimensional  models, 
climatological-mean  temperatures  are  prescribed 
for  each  season  (or  sometimes  month).  Air 
parcels  may  be  considered  to  follow  constant - 
pressure  surfaces,  changing  the  temperature  dis- 
tributions, with  no  change  in  the  mixing  ratios  of 
the  different  chemicals.  By  comparison,  neither 
concentrations  nor  mixing  ratios  are  conserved  at 
constant  height  surfaces.  The  pressure  levels  were 
chosen  to  correspond  to  height  intervals  of  about 
2 km,  except  for  the  lowest  two  kilometers. 
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Table  1.  Reaction  Scheme  and  Coefficients.  A number  of  heterogeneous  reactions  in  the 
troposphere  were  also  considered. 


Oxygen  reactions 


R1 

02  + hv  - O + O 

\ < 242  nm 

R2 

o + o2  + m->o3  + m 

k2=  1.1  X 10'34  exp(500/T) 

R3a 

Oj  + hv  -*  02  + 0(*  D) 

X < 319  nm 

R3b 

Oj  + hi*  -*■  02  + O 

X < 1 140  nm 

R4 

o3  + o-o2  + o2 

k4=  1.9  X 10'11  exp(-2300/T) 

R5 

O^DJ  + M-^O  + M 

k5  = 6.0  X 10'11 

Reactions  defining  relative  concentrations  of  OH,  H,  H02, 

H202,  and  HNO  3 

R6 

O + OH  -*  H + 02 

k6  = 4.2  X 10'11 

R7 

Oj  + OH  -*  H02  + 02 

k,=  1.6  X 10' 12  exp(-1000/T) 

R8 

CO  + OH  - H + C02 

kg  = 2.1  X 10'13  exp(-75/T) 

R9 

h2  + oh-h  + h2o 

k9  = 2.3  X 10'11  exp(-2450/T) 

RIO 

o3  + h-*oh  + o2 

k10~2.6X  10'11 

Rll 

02  + H + M - H02  + M 

kll  = 2.1  X 10'32  exp(290/T) 

R12 

0 + ho2  - oh  + o2 

k,2  = 2.0  X 10'11 

R13 

Oj  + H02  - OH  + 20 2 

k,3  = 1.0  X 10'13  exp(-1250/T) 

R14 

NO  + H02  - OH  + N02 

k,4  = 2.2  x 10'13 

R15 

OH  + N02  (+  M)  - HNOj  (+  M) 

R16 

HN03  + hv  - OH  + N02 

X < 546  nm 

R17 

ho2  + ho2  - h2o2  + o2 

k,7  = 3.0  X 10' 11  exp(-500/T) 

R18 

H202  + h^  - OH  + OH 

X < 565  nm 

Production  and  loss  reactions  for  odd  hydrogen  and  nitric  acid 

R19a 

H20  + 0(*D)  -*  OH  + OH 

k,9a  = 3.0  X lO'10 

R19b 

CH4  + 0(1D)-CH3  + OH 

k,9b  = 4.0  X 10'10 

R19c 

H2  + 0('D)-H  + 0H 

k19c  = 3.0  X 10'10 

R20 

oh  + oh-h2o  + o 

k20  = 1.1  X 10'11  exp(-500/T) 

R21 

OH  + H02  -*  HjO  + 02 

k2,  = 6.0  X 10'11 

R22 

OH  + H202  - H20  + H02 

k22  = 1.7  x 10'"  exp(-900/T) 

R23 

OH  + HN03  - H2°  + N°3 

k23  = 6.0  X 10'13  exp(-400/T) 

Methane  oxidation  reactions 

R24 

oh  + ch4-h2o  + ch3 

k24  = 2.5  X 10'12  exp(-1660/T) 

R25 

ch3  + o2  + m-ch3o2+  m 

k25  = 2.6  X 10'31 

R26 

CHjOj  + NO  - CHjO  + no2 

k26  = 1.5  X 10'12  exp(-500/T) 

•Units:  Two-body  reactions:  cm3  molecules'1  s'1;  three-body  reactions:  cm6  molecules'2  s'1 
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Table  1.  Reaction  Scheme  and  Coefficients.  A number  of  heterogeneous  reactions  in  the 
troposphere  were  also  considered,  (cont.) 


R27 

CHj02  + H02  - CH302H  + 02 

k27  = 3.0  X 10'u  exp(-500/T) 

R28 

CH302H  + hi*  - CH30  + OH 

JCH302H  = JH202  (assumed) 

R29 

CHjO  + 02-«  CH20  + H02 

k2g  = 4.2  X 10' 13  exp(-3000/T) 

R30a 

CH20  + hi*  ->  H2  + CO 

X 350  nm 

R30b 

CH2  O + hK  -»  H + CHO 

X <_350  nm 

R31 

CH20  + OH  - H20  + CHO 

k31  = 1.4  X 10'11 

R32 

CHO  + 02  - H02  + CO 

k32  = 1.7  X 10'13 

Nitrogen  reactions 


R33 

NO  + 03  - N02  + 02 

k33  = 9.0  X 10'13  exp(-1200/T) 

R34 

no2  + o - no  + o2 

k34  = 9.2x  10'12 

R35 

N02  + hi/  - NO  + O 

X < 400  nm 

R36 

n + o3-no  + o2 

k36  = 3.0  x 10'1 1 exp(-1200/T) 

R37 

N + 02  - NO  + O 

k37  = 1.1  x 10'14  exp(-3150/T) 

R38 

N + OH  - NO  + H 

k3g  = 5.3  x 10'u 

R39 

N + H02  - NO  + OH 

k39  = 2.0  X 10'10 

R40 

NO  + hv  -*  N + O 

X < 191  nm 

R41 

n + no-n2  + o 

k4,  = 2.7  X 10'11 

R42 

N20  + hv  - N2  + O 

X < 337  nm 

R43a 

N20  + 0(1D)-N0  + N0 

k43a=  1.1  X 10'10 

R43b 

N20  + 0('D)-N2  + 02 

k43b  = 1-1  X 10'10 

R44 

N03  + N02  + M ~ N2Os  + M 

R45 

N2Os  + hv  N02  + N03 

Johnston  and  Graham  (1974) 

R46 

no2  + o3  - no3  + o2 

Johnston  and  Graham  (1974) 

R47 

N03  + NO  -»  2NOj 

R48 

N03  + hi,  - N02  + O 

‘Units:  Two-body  reactions:  cm3  molecules'1  s'1 ; three-body  reactions:  cm6  molecules'2  s'1 


where  a finer  height  resolution  of  about  0.5  km 
was  chosen.  The  pressures  at  the  boundary  levels 
were  chosen  to  be  980  mb  and  0.41 5 mb. 

To  avoid  the  necessity  for  a prohibitively 
large  number  of  very  short  computation  time 
steps,  reactants  were  grouped  together  so  that 
“compound”  X in  equation  (1)  may  denote 
either  a particular  constituent  or  the  sum  of  a 
number  of  constituents.  In  this  study  the  follow- 
ing “compounds”  were  considered:  (X)  = (0) 
+ (03),  (X)  = (N)  + (NO)  + (N02),  (X)  = 
(HN03),  (X)  = (NOj)  + 2(N205),  (X)  = (H) 
+ (OH)  + (H02)  + 2(H202),  (X)  = (CH4), 
(X)  = (CO),  (X)  = (H20),  (X)  = (H2).  The 


concentrations  of  the  individual  compounds 
within  each  group  of  constituents  are  derived 
from  the  photochemical  steady-state  assumption. 
The  photochemical  and  advective  terms  in 
equation  (1)  were  integrated  explicitly,  while 
the  diffusive  part  of  the  right-hand  side  in 
equation  (1)  was  solved  by  the  “leapfrog” 
method.  A 10°  latitudinal  resolution  and  a 
two-hour  time  step  were  used  to  integrate  equa- 
tion (1),  which  permitted  a full  one-year  integra- 
tion on  the  CDC  7600  computer  in  15  minutes 
(18  X 31  gridpoints).  Mean  daytime  dissociation 
probabilities  were  calculated  at  the  start  of  each 
15-day  period  (the  year  was  assumed  to  have  360 
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days)  and  were  applied  during  the  sunlit  hours  of 
each  such  period.  At  night  photochemistry  was 
“frozen,”  except  for  the  conversion  of  NOx  to 
NO3  and  N205 . The  variation  of  solar  position 
over  the  year  was  closely  simulated. 

The  distribution  of  water  vapor  is  dependent 
on  condensation  processes  and  removal  by  rain- 
fall. At  each  gridpoint  the  concentration  of  water 
vapor  was  calculated  by  integrating  equation  (1). 
The  probability  of  cloud  formation  is  determined 
in  the  following  way.  At  each  gridpoint  tempera- 
tures are  assumed  to  have  a Gaussian  distribu- 
tion. In  the  present  study  the  mean  and  the 
standard  deviation  of  temperatures  were  derived 
from  observations  (Oort  and  Rasmusson,  1971; 
Louis,  1974).  At  each  gridpoint  it  is  possible  to 
determine  the  temperature  Ts,  so  that  q = qs(Ts), 
where  q denotes  the  calculated  humidity  and 
qs(Ts)  is  the  saturation  humidity  at  the  tempera- 
ture Ts.  For  all  temperatures  T < Ts  the  air  will 
be  supersaturated,  and  the  probability  for  cloud 
formation  can  be  determined  from  the  Gaussian 
temperature-distribution  function  at  each  grid- 
point.  By  this  method  it  is  also  possible  to 
determine  the  rate  of  precipitation  at  each 
gridpoint.  For  the  sake  of  simplicity,  it  is 
incorrectly  assumed  that  all  precipitation  reaches 
the  ground  without  re-evaporation.  As  it  does 
not  seem  impossible  to  estimate  the  standard 
deviation  of  temperatures  within  each  gridbox 
using  large-scale  stability  criteria,  an  extension  of 
the  method  presented  may  make  it  feasible  to 
estimate  sub -grid -scale  mean  cloudiness  in  fully- 
interactive  dynamic  models  of  the  atmosphere. 

With  knowledge  of  the  probability  of  cloud 
formation  (pc),  it  is  possible  to  estimate  the 
rainout  rates  Pr  for  gaseous  compounds  in  the 
atmosphere,  so  that 

Pr(X)  = -Pc(X)  fl  (X)  . 

We  have  adopted  the  following  values  for  the 
residence  times  of  some  water-soluble  gases  in 
clouds:  t(NOx)  = 2 days,  t(N205)  = 8 hours, 
t(HNOj)  = 8 hours,  t(H202)  = 2 days, 
t(CH302H)  = 2 days.  A variety  of  boundary 
conditions  were  adopted  in  this  study.  The 
mixing  ratios  for  a number  of  constituents  were 
prescribed  at  the  lower  boundary,  and  were  set 
equal  to  the  average  measured  mixing  ratios 
(CH4 : 1 .5  X 10’6;  N20:2.5  X 10'7;  H2:5  X 10*7; 
H20:see  listing  in  Telegadas  and  London 


(1954)).  For  HN03,  NOx,  and  CO  the  lower 
boundary  condition  was  determined  from  the 
equation 

Fz  = * Kzz(M)-jj“  = • wd(X)  + Iz  (X), 

where  lz  denotes  the  industrial  and  biological 
release  rates  of  a constituent  as  a function  of 
latitude  (Robinson  and  Robbins,  1970;  Seiler, 
1974)  and  wd  is  the  deposition  velocity,  which 
was  assigned  different  values  over  land  and  sea 
(average  values  of  wd  were  derived  at  each 
latitude,  taking  into  account  the  areas  covered  by 
land  (wdg)  and  water  and  ice  (wds)).  The 
following  values  for  wd  (cm  s" 1 ) were  used  in  this 
study: 


Species 

wdg 

wds 

HNO3 

0.2 

1 

03 

0.2 

0.05 

NOx 

0.2 

0.5 

CO 

0.1 

0 

At  the  upper  boundary  (0.415  mb,  ^55  km), 
fixed  mixing  ratios  of  10'8  were  prescribed  for 
NOx,  which  is  mostly  NO  at  that  altitude.  For  all 
other  compounds,  no  vertical  eddy  flux  through 
the  upper  boundary  was  allowed  to  occur 

(3mx/9  z = 0). 

RESULTS  (UNPERTURBED  ATMOSPHERE) 

A set  of  empirically-derived  diffusion  coeffi- 
cients which  was  found  to  explain  quite  satisfac- 
torily the  seasonal  and  meridional  distribution  of 
ozone  is  listed  in  Tables  2-5.  In  Figure  1 the 
model-calculated  meridional  and  seasonal  cross- 
sections  of  ozone  are  shown.  Measured  average 
distributions  of  ozone  above  25  km  (Krueger 
et  al„  1973)  and  below  25  km  (Diitsch,  1971) 
agree  everywhere  with  calculated  ozone  concen- 
trations to  within  20%.  The  present  model  also 
simulates  very  well  the  latitudinal  and  seasonal 
distributions  of  total  ozone,  particularly  the 
differences  between  the  seasonal  distributions  in 
the  Southern  and  Northern  Hemispheres  (Figure 
2). 
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c.  Calculated  for  July  1. 


d.  Calculated  for  October  1. 


Figure  1.  Cross-sections  of  mass  mixing  ratios  of  ozone.  Contour  intervals  are  0.20  orders  of 
magnitude.  (In  this  and  all  succeeding  figures,  the  unlabeled  inner  horizontal  and  vertical 
coordinate  marks  identify  the  gridpoints  of  the  model:  10°  latitude  steps  and  approxi- 
mately 2-km  height  intervals,  except  for  0.5-km  intervals  in  the  lowest  2 km.) 


Water  vapor  is  a very  important  tracer  for 
the  transfer  of  air  between  stratosphere  and 
troposphere,  and  the  amount  of  stratospheric 
water  vapor  is  very  sensitive  to  the  correct 
parameterization  of  the  diffusion  processes.  This 
is  especially  true  at  latitudes  poleward  of  30°, 
where  average  temperatures  in  the  lower  strato- 
sphere are  sufficiently  high  to  permit  a far-too- 
Iarge  transfer  of  water  vapor  into  the  strato- 
sphere, if  vertical  diffusion  is  overestimated. 
Indeed,  application  of  published  eddy-diffusion 


coefficients  (Luther,  1973;  Gudiksen  and 
Fairhall,  1968;  Louis,  1974)  clearly  leads  to 
excessive  stratospheric  water-vapor  mixing  ratios 
(and  unsatisfactory  ozone  distributions  as  well). 
The  distributions  of  water  vapor  derived  with  the 
presented  diffusion  coefficients,  as  shown  in 
Figure  3,  for  example,  are  much  more  satis- 
factory, although  the  calculated  concentrations 
still  seem  to  be  about  twice  too  high 
(Mastenbrook,  1974;  Harries,  1973).  Clearly, 
finer  tuning  of  the  eddy  diffusion  would  cer- 
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Figure  2.  Latitudinal  and  seasonal  variation  in  total 
ozone  as  calculated  with  this  model.  Con- 
tours are  at  intervals  of  20  matm-cm. 


L»f trust 

Figure  3.  Calculated  volume  mixing  ratios  of  water 
vapor  in  the  stratosphere  for  February  1. 
Contour  intervals  are  0.20  orders  of 
magnitude. 

tainly  have  been  possible,  but  this  has  still  not 
been  attempted  because  of  lack  of  accurate 
information  on  the  mean  circulation,  and  mean 
temperatures  and  standard  deviations  of  tem- 
peratures. 

Calculated  distributions  of  N20,  NO  + N02 , 
N205,  HN03  OH,  H02,  H202,  CO,  and  CH4 
are  presented  in  Figures  4 through  10.  The 
following  features  merit  notice: 

a.  The  vertical  distribution  of  N20  at 
30°N  (see  Figure  4)  agrees  fairly  closely 


with  those  derived  by  Ehhalt  and  co- 
workers  (1975).  An  interesting  feature 
of  the  results  presented  here  is  that  this 
model  indicates  the  possibility  of 
marked  seasonal  variations  in  the  N20 
content  of  the  stratosphere,  especially 
at  the  higher  altitudes,  with  larger  N20 
concentrations  occurring  in  the  summer 
season.  Since  oxidation  of  N20  is  the 
main  source  of  NO  in  the  stratosphere, 
the  larger  concentrations  of  N20  in  the 
summer  stratosphere  imply  far  larger 
production  rates  of  NO  in  the  summer 
hemisphere  than  in  the  winter  hemi- 
sphere. This  explains  also  the  calculated 


a.  For  February  1. 


b.  For  September  1. 

Figure  4.  Volume  mixing  ratios  of  NjO.  Contour 
intervals  are  0.20  orders  of  magnitude. 
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seasonal  variations  in  N0X  (Figure  5). 
There  is,  therefore,  the  possibility  of 
significant  transport  of  N20  and  NOx 
from  the  stratosphere  into  the  lower 
mesosphere  during  the  summer  months. 
The  possible  presence  of  N20  with 
rather  high  mixing  ratios  in  the 
mesosphere  may  be  of  aeronomic 
importance,  since  the  photodissociation 
at  short  wavelengths  may  lead  to  inter- 
esting products. 


a.  For  February  1. 


b.  For  September  1. 

Figure  5.  Volume  mixing  ratios  of  NO  + N02.  Con- 
tour intervals  are  0.25  orders  of 
magnitude. 


b.  The  calculated  latitudinal  distribution 
of  nitric  acid  (Figure  6)  during  the 
spring  season  agrees  rather  satisfactorily 
with  the  distribution  observed  by 
Lazrus  and  Gandrud  (1974).  There  is 
also  generally  good  agreement  between 
calculated  and  optically-determined 
concentrations  of  NO  and  N02  (Patel 
et  al.,  1975;  Ackerman,  1975).  How- 
ever, the  calculated  mixing  ratios  of  NO 
are  generally  about  a factor  of  two  to 
three  times  as  large  as  those  measured  in 
situ  with  the  chemiluminescence  NO 
sonde  (Ridley  et  al.,  1976). 


Figure  6.  Volume  mixing  ratios  of  HNOj  for  Febru- 
ary 1.  Contour  intervals  are  0.25  orders  of 
magnitude. 

A significant  portion  of  NO  and 
N02  is  converted  to  N03  and  N205 
(see  Figure  7),  the  latter  especially 
during  periods  with  long  nights.  Since  in 
effect  two  NO  or  N02  molecules  are 
stored  per  N205  molecule  formed,  the 
formation  of  N2C>5  protects  ozone  from 
otherwise  significantly  larger  catalytic 
destruction.  Unfortunately,  the  kinetic 
and  photochemical  data,  that  describe 
the  formation  of  N205  in  the  atmo- 
sphere have  been  determined  under 
laboratory  conditions  rather  far  from 
those  prevailing  in  the  stratosphere,  so 
the  application  of  these  data  may  intro- 
duce significant  errors.  For  example,  it 
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Figure  7.  Calculated  volume  mixing  ratios  of  N2Os 
at  noon  for  February  1.  No  calculations  of 
N2Os  were  performed  below  15  km  and 
above  36  km.  Contour  intervals  are  0.25 
orders  of  magnitude. 

is  possible  that  the  absorption  cross- 
section  of  N205  in  the  ultraviolet  is 
temperature-dependent. 

c.  The  calculated  concentrations  of  the 
odd-hydrogen  species  OH,  H02,  and 
H202  are  shown  in  Figures  8 and  9. 
Observations  of  the  distribution  of 
H202  are  important  because  they  pro- 
vide information  on  the  distribution  of 
H02,  which  is  an  important  odd- 
hydrogen  compound  that  is  more 


Figure  8.  Calculated  volume  mixing  ratios  of  H202 
for  February  1.  Contour  intervals  arc  0.20 
orders  of  magnitude. 


difficult  to  measure.  The  mixing  ratios 
of  H202  reach  values  in  the  ppbv  (10'9) 
range  near  25  km  and  in  the  lower 
troposphere.  This  species  may  be  impor- 
tant in  heterogeneous  oxidation  pro- 
cesses, leading  to  the  formation  of 
sulfates,  nitrites,  and  nitrates  from  S02 
and  NOx . 

The  average  calculated  daytime 
concentrations  of  OH  for  the  fall  season 
are  presented  in  Figure  9.  These  concen- 
trations are  of  large  importance,  as  the 
OH  radical  is  the  only  known  significant 
attaching  species  in  the  troposphere  for 


a.  For  OH. 


b.  For  HOj. 

Figure  9.  Calculated  mean  daytime  concentrations, 
February  I.  Contour  intervals  are  0.25 
orders  of  magnitude. 
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a number  of  atmospheric  gases  of  low 
solubility,  e.g.,  CH4,  CO,  and  hydrogen- 
containing  halocarbons. 

d.  The  fact  that  the  calculated  distribution 
of  CO  in  the  troposphere  (see  Figure 
10)  is  very  similar  to  the  measured 
distribution  (Seiler,  1974)  indicates  that 
the  calculated  OH  concentrations 
cannot  deviate  grossly  from  the  real 
atmosphere  values.  For  instance,  if  the 
real  OH  concentrations  were  far  larger 
than  those  calculated  with  the  present 
model,  the  calculated  industry-related 


1C-0*. 


CO  at  mid-latitudes  in  the  Northern 
Hemisphere  would  have  been  far  lower 
than  the  observed  one.  With  the  present 
model  we  calculated  an  average  global 
CO  production  of  1.9  X 101 ' molecules 
cm^s"1  in  the  atmosphere  from  the 
oxidation  of  methane,  which  should  be 
compared  with  an  average  industrial  CO 
input  of  about  9.3  XIO10  molecules 
cm'2s_1.  It  follows  that  the  industrial 
and  natural  productions  of  CO  in  the 
Northern  Hemisphere  are  about  equal. 

PERTURBATIONS  OF  ATMOSPHERIC 
OZONE 


a.  CO. 


b.  ch4. 

Figure  10.  Calculated  volume  mixing  ratios  for 
February  1.  Contours  are  at  intervals  of 
1.5  X 10® 
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Starting  with  the  work  by  Johnston  (1971) 
and  Crutzen  (1971),  there  has  been  general  con- 
cern about  the  possibility  of  significant  damage 
to  the  ozone  shield  by  a number  of  human 
activities.  With  the  present  model  we  have 
calculated  the  percentage  reductions  in  total 
ozone  that  would  result  from  the  operations  of 
large  fleets  of  supersonic  aircraft  (see  Tables  6 
and  7).  We  have  assumed  that  all  flights  would 
take  place  at  mid-latitudes  in  the  Northern 
Hemisphere  and  that  each  aircraft  would  cruise 
on  the  average  7 hours  per  day  in  the  strato- 
sphere. The  number  of  flight  hours  may  be  closer 
to  4 hours/day  (Broderick,  1975;  Grobecker  et 
al.,  1974)  and  other  fleet  sizes  may  also  be  far 
more  likely.  However,  it  is  permissible  to  scale 
the  results  collected  in  Tables  6 and  7 for  any 
particular  fleet  size  or  number  of  flight  hours 
per  day. 

The  results  in  these  two  tables  show  signifi- 
cant reductions  in  ozone  due  to  aircraft  opera- 
tions, with  reductions  in  the  Southern  Hemi- 
sphere being  a little  more  than  half  of  the 
reductions  in  the  Northern  Hemisphere.  On  the 
average,  the  reductions  in  total  ozone  derived 
with  this  model  are  in  rather  good  agreement 
with  previous  studies  made  using  one- 
dimensional models.  In  order  to  study  another 
possible  effect  on  (he  ozone  layer,  we  have  also 
tried  to  simulate  the  variations  in  NO  production 
due  to  the  action  of  galactic  cosmic  rays,  which 
exhibits  a 11-year  periodicity.  Contrary  to  the 
hypothesis  of  Ruderman  and  Chamberlain 
(1975),  our  calculations  give  at  most  a 0.5% 
variability  in  ozone.  Our  conclusion  is,  therefore. 
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Table  6.  Percentage  Reduction  in  Total  Ozone  by  a Meet  of  450  Boeing  SST’s  of  pre-1971 
Design  (assumed  N02  emission  index  of  18  g'kg)  Calculated  with  the  Present 
Model.  Each  plane  was  assumed  to  fly  for  7 hours  per  day  at  an  altitude  of 
20  km.  Positive  latitudes  are  north,  negative  ones  south. 

LATITUDE 


-75 

-55 

-35 

-15 

15 

35 

55 

75 

" 

— 

— - 

Jan.  1 

4.9 

4.0 

3.2 

3.2 

4.9 

6.1 

7.5 

8.1 

March  1 

5.4 

4.3 

3.3 

3.2 

4.5 

5.5 

6.7 

7.4 

May  1 

5.3 

4.6 

3.6 

3.5 

4.3 

5.3 

6.6 

7.8 

July  1 

4.7 

4.4 

3.9 

3.5 

4.2 

5.4 

7.3 

9.3 

Sept.  1 

4.4 

4.0 

3.5 

3.3 

4.1 

5.8 

8.6 

11.3 

Nov.  1 

4.5 

3.9 

3.3 

3.1 

4.5 

6.2 

8.5 

9.9 

Table  7.  Percentage  Reduction  in  Total  Ozone  by  a Fleet  of  290  Concordes  (assumed 

N02  emission  index  of  21  g/kg).  Each  plane  was  assumed  to  fly  for  7 hours  per 
day  at  an  altitude  of  18  km.  Positive  latitudes  are  north,  negative  ones  south. 


LATITUDE 


-75 

-55 

-35 

-15- 

15 

35 

55 

75 

““ 

— 

— 

— 

Jan.  1 

1.6 

1.4 

1.2 

1.1 

1.5 

1 .8 

2.0 

2.1 

March  1 

1.9 

1.5 

1.2 

1.2 

1.6 

1.8 

2.1 

2.3 

May  1 

1.9 

1.6 

1.3 

1.3 

1.5 

1.7 

2.0 

2.3 

July  1 

1.6 

1.5 

1.4 

1.3 

1.4 

1.7 

2.1 

2.6 

Sept.  1 

1.5 

1.4 

1.3 

1.2 

1.3 

1.7 

2.3 

3.1 

Nov.  1 

1.5 

1.3 

1.2 

1.1 

1.4 

1.8 

2.3 

2.6 

that  the  observed  periodic  changes  in  total  ozone 
(±5%)  at  high  latitudes  cannot  be  explained  by 
changes  in  stratospheric  NO  input  from  galactic 
cosmic  rays. 
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ABSTRACT:  The  present  understanding  of  the  chemistry  and  budget  of  stratospheric  chlorine  is 
reviewed.  The  available  data  on  OCIO  indicate  that  its  role  is  negligible.  Various  stratospheric  chlorine 
sources  are  investigated,  and  it  is  concluded  that  the  dominant  source  is  the  dissociation  of 
halocarbons  diffusing  from  the  Earth’s  surface. 


INTRODUCTION 

Most  of  the  attention  at  CIAP  conferences 
has  been  focused  on  NOx  and  its  role  in  the 
chemistry  of  the  natural  ozone  layer,  and  on  the 
perturbation  of  this  natural  balance  by  additional 
sources.  This  paper  will  review  the  chemistry  and 
budget  of  stratospheric  chlorine,  which  has 
received  considerable  attention  recently  as  a 
potential  perturber  of  the  ozone  layer.  Current 
understanding  seems  to  indicate  that  chlorine  is 
only  a minor  factor  in  the  present  ozone  balance, 
but  is  potentially  an  efficient  catalyst  for  the 
destruction  of  stratospheric  ozone. 

CHLORINE  CHEMISTRY 

The  chemistry  of  gaseous  chlorine  in  the 
stratosphere  has  been  discussed  by  a number  of 
authors  (e.g.,  Stolarski  and  Cicerone,  1974; 
Crutzen,  1974a,b;  Wofsy  and  McElroy,  1974; 
Molina  and  Rowland,  1974a;  Cicerone  et  al., 
1974;  Wofsy  et  al.,  1975;  and  Rowland  and 
Molina,  1975),  and  the  available  rate  constants 
have  been  reviewed  by  Watson  (1974).  We  will 
briefly  describe  these  reactions  and  then  focus 
upon  some  of  the  outstanding  questions  and 
uncertainties.  Figure  1 represents  the  basic  reac- 
tion scheme,  which  involves  HQ,  Cl,  CIO,  ClOO, 
and  OCIO.  Not  shown  in  this  scheme  are  mole- 
cules which  are  certainly  formed  but  are  likely  to 


dissociate  under  visible  irradiation  (e.g.,  Cl2, 
N0C1,N02C1). 


Figure  1.  Basic  chlorine  reaction  scheme  for  HC1,  Cl, 
CIO,  OCIO,  and  ClOO  in  the  stratosphere. 


*Dr.  Stolarski  is  now  with  the  NASA  Goddard  Space  Flight  Center,  Greenbelt,  Maryland. 
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Most  authors  agree  that  the  basic  scheme  is 
OH  and  0 reacting  with  HC1  to  form  Cl,  followed 
by  Cl  reacting  with  H2  or  CH4  to  re-form  HC1. 
But  Cl  also  reacts  with  03  to  form  CIO,  which 
can  react  with  NO  to  re-form  Cl,  or  with  O to 
catalytically  destroy  two  odd  oxygens.  In  addi- 
tion, Cl  atoms  can  combine  with  02  in  a 
three-body  reaction  to  form  ClOO,  which  is 
rapidly  dissociated  by  thermal  collisions  with  any 
atmospheric  molecule,  yielding  very  small  con- 
centrations of  ClOO  (Watson,  1974).  Figure  2 
shows  relative  concentrations  of  HQ,  Q,  and  QO 
for  this  simple  reaction  scheme,  using  the  rates 
given  in  Watson  (1974)  and  the  concentrations 
for  OH,  NO,  03,  and  0 of  Wofsy  and  McElroy 
(1974).  Figure  3 shows  diumally-averaged  chem- 
ical reaction  times  for  HQ,  Cl,  and  QO,  respec- 
tively, for  the  same  assumed  reaction  rates  and 
concentrations.  The  H02  curves  in  Figure  3b  were 
calculated  with  an  assumed  rate  constant  for  Cl  + 
H02  -*  HC1  + 02  of  2 X 10'1 1 cm3  molecule'1 
sec'1.  The  solid  curve  used  the  H02  profile  of 
Wofsy  and  McElroy  (1974),  while  the  dashed 
curve  used  an  H02  profile  from  the  calculations 
of  the  model  being  developed  by  the  University 
of  Michigan  group.  Somewhat  different  reaction 
rates  were  used  for  the  latter  H02  profile;  in 
particular,  OH  + H02  ->■  H20  + 02  was  assigned 
the  lower  value  of  2X  ICC1 1 cm3  molecule'1 
sec'1.  The  dashed  curve  for  H202  was  also 
generated  from  the  profile  in  the  Michigan  model 
and  a rate  constant  of  6.6  X 10"13  cm3  mole- 
cule'1 sec'1  (Watson  et  al.,  1976).  The  reactions 
of  Cl  with  H02  and  H202  appear  to  be  of  minor 
significance  if  OH  + H02  is  fast,  but  their  impor- 
tance increases  rapidly  as  the  OH  + H02  rate 
decreases. 

The  possible  significance  of  the  reaction 
C10  + 03,  whether  it  slows  down  catalysis 
through  formation  of  OCIO  or  speeds  it  up 
through  QOO,  has  been  pointed  out  by  some 
authors  in  their  discussions  of  chlorine  chem- 
istry. These  discussions  are  based  on  the  upper 
limit  of  5 X lO-15  cm3  molecule'1  sec'1  to  the 
reaction  rate,  set  by  Clyne  and  Coxon  (1968). 
Indeed,  if  the  reaction  proceeds  at  that  rate  and 
the  products  are  OCIO  and  02,  then  significant 
quantities  of  OQO  are  built  up  in  the  middle 
stratosphere,  as  indicated  by  the  chemical  time 
constant  shown  in  Figure  4 and  the  resultant 
splitting  ratios  shown  in  Figure  5a.  In  this 
calculation,  OQO  was  destroyed  by  reaction 
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Figure  2.  Relative  abundances  of  the  chlorine 
species  as  a function  of  altitude  for  the 
basic  reaction  scheme  (excluding  OCIO 
formation).  Areas  between  the  lines  repre- 
sent the  fractional  abundances  of  the 
indicated  species. 


with  NO  and  with  0,  and  by  photolysis  with  a J 
coefficient  of  10'4  molecule'1  sec'1.  This  J 
coefficient  is  at  present  arbitrary.  Figure  5b 
shows  the  splitting  ratios  for  Jqcio  = 10"2.  As 
can  be  seen,  this  choice  of  value  causes  a 
significant  reduction  in  predicted  OCIO  concen- 
tration. To  refine  JociO-  a careful  consideration 
of  the  predissociated  bands  below  375  nm  is 
necessitated  (see,  e.g.,  Watson,  1974).  Recent 
efforts  by  Rundel  and  Stolarski  (1976)  at  model- 
ing the  Q2-03  photolysis  experiment  (Norrish 
and  Neville,  1934)  indicate  that  the  rate  coeffi- 
cient of  QO  + 03  is  much  less  than  the  Clyne 
and  Coxon  (1968)  upper  limit.  A coefficient  of 
10" 18  cm3  molecule'1  sec'1  or  less  is  indicated, 
with  the  principal  channel  going  to  ClOO  + 02. 

Figure  5b  shows  the  splitting  ratios  when 
koj+ciO  is  5X10-18  cm3  molecule'1  sec'1 
(with  OQO  as  the  product)  and  JociO  is  'O'4 
molecule"1 . As  can  be  seen,  such  a small  reaction 
rate  for  QO  + 03  effectively  removes  that  reac- 
tion as  a significant  factor  in  the  catalytic  ozone 
destruction  by  chlorine. 
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a.  Loss  of  HC1.  Curve  labeled  (B)  uses 
rate  of  Balakhnin  et  al.  (1971).  Curve 
labeled  (W  & B)  uses  rate  of  Wong  and 
Belles  (1971). 


b.  Loss  of  CL 


c.  Loss  of  CIO. 


Figure  4.  Chemical  reaction  time  constants  for  loss 
of  OCIO.  Time  constant  for  photolysis 
shown  is  for  arbitrary  J of  10" 2 sec'1. 


STRATOSPHERIC  CHLORINE  BUDGET* 

Stratospheric  chlorine  must  come  either 
from  extraterrestrial  sources  (i.e.,  meteoritic 
debris)  or  from  the  surface  of  the  Earth.  Mete- 
oritic debris  is  usually  not  significant  below  the 
mesosphere,  thus  implying  that  the  Earth’s  sur- 
face is  the  ultimate  source  of  all  stratospheric 
chlorine.  The  main  problem  is  how  it  reaches  the 
stratosphere.  As  can  be  seen  from  Figures  2,  5a, 
and  5b,  the  chlorine  is  almost  entirely  HQ  in  the 
troposphere  if  released  as  HC1,  Cl,  QO,  OCIO,  or 
CI2  (which  photodissociates  in  the  visible).  Since 
HQ  is  highly  soluble,  it  is  efficiently  rained  out 
in  the  troposphere  (see  Stedman  et  al.  (1975)  for 
more  complete  discussion).  Residence  times  are 
not  more  than  a few  days,  leading  to  large 
negative  gradients  of  concentration  versus  alti- 
tude throughout  the  troposphere.  Farmer’s 
(1975)  infrared  measurement  of  column  content 
of  HQ  is  consistent  with  this  interpretation  if 
ground-level  mixing  ratios  are  around  the  1-ppb 
level,  as  deduced  by  Junge  (1957).  Lazrus’ 
(1975)  upper  limit  of  0.05  ppbm  at  14  km  also 
supports  this  view.  Figure  6 indicates  a reason- 
able profile  for  tropospheric  QX.  The  dashed 
line,  constant  at  0.02  ppb,  shows  the  strato- 
spheric mixing  ratio  due  to  ground-level  QX 
sources.  The  most  likely  ground-level  source  for 
this  profile  is  release  of  HC1  from  sea-salt  spray  in 


Figure  3.  Chemical  reaction  time  constants  for  loss 
of  various  species 


•Much  of  this  section  is  based  on  the  paper  of  Cicerone 
et  aL  (1975). 
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a.  With  Joclo  = 10"4  molecules  b.  With  Jqcio  ' 1*7  2 molecules  c.  With  kcio+03  = 5 X 10'18 

sec*-  sec1.  cm3  molecule-1  sec'1. 

Figure  5.  Relative  abundances  of  the  chlorine  species  as  a function  of  altitude,  as  in  kciO+03  = 

5 X 10"15  cm3  molecule'1  sec1. 


the  presence  of  less  volatile  acids,  as  discussed  by 
Wofsy  and  McElroy  (1974).  It  does  not,  how- 
ever, constitute  a significant  source  of  strato- 
spheric chlorine. 


.0“ 


MIXING  RATIO 

Figure  6.  Predicted  late  1974  stratospheric  chlorine 
concentrations  versus  altitude  according  to 
source  (solid  and  dashed  lines).  HC1 
observational  data  of  Lazrus  (1975)  is 
shown  for  comparison  (see  also  Cicerone 
et  al. , 1975). 

Molina  and  Rowland  (1974a)  have  shown 
that  a more  important  source  is  the  chlorine- 
containing  molecules  which  are  stable  in  the 


do  not  react  with  OH,  O,  O3,  or  other  tropo- 
spheric molecules  or  free  radicals.  These  mole- 
cules are  the  halogenated  hydrocarbons  of  the 
general  formula  CnHxClyFz.  The  most  important 
appear  to  be  CH3C1,  CC14,  CF2Cl2,  and  CFC13. 
Methyl  chloride  (CH3CI)  is  probably  of  natural 
origin;  it  has  been  measured  in  the  troposphere  at 
levels  of  400-600  parts  per  trillion  by  Rasmussen 
(1975)  and  Lovelock  (1974).  It  is  attacked 
slowly  by  OH  in  the  troposphere  (Watson,  1975), 
which  causes  it  to  decrease  slightly  in  mixing 
ratio  through  the  troposphere.  Due  to  its  probably 
natural  source,  it  is  likely  to  provide  a GX 
mixing  ratio  in  the  stratosphere  almost  equal  to 
the  400-600  ppt  at  the  ground,  the  decrease 
corresponding  to  that  small  fraction  which  reacts 
with  tropospheric  OH,  leading  to  HG  which 
eventually  rains  out.  The  resulting  GX  profile  is 
shown  in  Figure  5b  for  400  ppt  ground-level 
CHjCl. 

Carbon  tetrachloride,  CG4,  has  been  used 
industrially  for  more  than  50  years,  and  may  also 
have  a natural  source.  There  is  some  question 
regarding  the  magnitude  of  the  source  and  the 
existence  of  possible  sinks.  Figure  6 shows  the 
GX  profile  calculated  for  CC14  with  the  steady- 
state  assumption  discussed  by  Molina  and 


troposphere.  These  molecules  are  insoluble  and 
hence  immune  to  rainout,  they  are  not  disso- 
ciated by  visible  and  near-UV  radiation,  and  they 


Rowland  (1974b)  and  by  Cicerone  et  al.  (1975). 

Fluorocarbons  11  and  12,  CFG3  and 
CF2CI2,  have  no  known  natural  sources  or  any 
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important  sinlcs  in  the  troposphere.  They  are 
being  produced  industrially  at  an  increasing  rate, 
and  thus  require  a time-dependent  calculation  to 
assess  their  contribution  to  the  stratospheric  C1X 
budget.  Figure  6 illustrates  the  sum  of  these  two 
contributions  as  predicted  for  approximately  late 
1974.  They  provide  a relatively  small  but 
growing  contribution  to  the  stratospheric 
chlorine  budget.  If  the  production  rate  were  to 
level  off  at  early-1975  values,  the  stratospheric 
C1X  contribution  due  to  F-ll  and  F-12  would 
eventually  rise  to  a steady-state  value  of 
* 1 0 ppb,  and  thus  they  would  be  predicted  to 
become  the  major  source  of  QX. 

Figure  6 also  shows  the  HC1  measurements 
of  Lazrus  (1975).  The  magnitude  at  his  upper 
measurement  levels  is  somewhat  less  than  the 
present  calculation,  but  is  still  well  within  experi- 
mental and  prediction  uncertainties.  The  signifi- 
cant aspect  of  these  measurements  is  the  shape  of 
the  altitude  profile,  clearly  indicating  an  effective 
high-altitude  source  such  as  the  halogenated 
hydrocarbons  are  calculated  to  be.  More 
measurements  are  still  needed,  both  to  verify  the 
chemical  relationships  among  the  GX  species  and 
to  further  elucidate  the  source-sink  relationships. 
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ABSTRACT:  Bromine  may  act  as  a catalyst  for  recombination  of  ozone  and  could  be  more  efficient 
than  either  nitric  oxide  or  chlorine.  The  lower  atmosphere  contains  small  concentrations  of  gaseous 
bromine  produced  by  marine  activity,  by  volatilization  of  particulate  material  released  during  the 
combustion  of  leaded  gasoline,  and  by  the  use  of  methyl  bromide  as  an  agricultural  fumigant. 
Observations  by  Lazrus  et  al.  (1975)  indicate  small  concentrations  of  bromine,  MO'1 1 (v/v),  in  the 
contemporary  stratosphere,  and  appear  to  imply  a reduction  of  approximately  0.3%  in  the  global 
budget  of  Oj.  Estimates  are  given  for  reductions  in  03  which  might  occur  if  the  use  of  CHjBr  as  an 
agricultural  fumigant  were  to  continue  to  grow  at  present  rates. 


The  chemistry  of  atmospheric  ozone 
may  be  influenced  to  a remarkable  extent  by 
exceedingly  small  quantities  of  select  strato- 
spheric gases.  Attention  has  focused  in  recent 
years  on  nitric  oxide  released  by  SST’s 
(Johnston,  1971 ; Crutzen,  1972)  and  on  chlorine 
produced  by  photodecomposition  of  chloro- 
fluoromethanes  (Molina  and  Rowland,  1974). 
This  paper  is  devoted  to  a discussion  of  bromine. 
As  we  shall  see,  concentrations  of  bromine  as 
small  as  1 part  in  101 1 (v/v)  can  have  an  appreci- 
able influence  on  ozone. 

There  are  indications  that  the  mixing  ratio 
of  gaseous  forms  of  acidic  bromine,  represented 
most  probably  by  HBr,  according  to  the  dis- 
cussion below,  may  approach  10"1 1 in  today’s 
stratosphere  (Lazrus  et  al.,  1975)  with  similar 
values  observed  in  the  troposphere  (see  below). 
The  mixing  ratio  of  acidic  bromine  appears  to 
increase  with  increasing  altitude  between  15  and 
19  km,  and  there  is  evidence  for  similar  behavior 
in  the  height  distribution  of  particulate  bromine 
(Lazrus  et  al.,  1975;  Delany  et  al.,  1974).  It  is 
difficult  to  escape  the  conclusion  that  there  must 
be  a stratospheric  source  for  particulate  and 
gaseous  acidic  bromine.**  Decomposition  of 
methyl  bromide  offers  a plausible  explanation. 
Methyl  bromide  has  been  detected  recently  in 
surface  waters  of  the  ocean  and  in  Antarctic 
snow  (Rasmussen,  1975).  It  is  used  extensively  as 
a fumigant  and  there  may  be  additional  natural 
sources  as  discussed  below. 


“Gaseous  BrO  could  contribute  to  the  “particulate" 
bromine  found  on  neutral  filters. 


Bromine  is  present  in  both  gas  and  partic- 
ulate phases  in  the  troposphere,  with  the  gas 
phase  dominant  by  a factor  which  ranges  typi- 
cally between  4 and  20.  The  mixing  ratio  of 
gaseous  bromine  is  about  1.5  X 10*11  over 
Hawaii  (Moyers  and  Duce,  1972)  and  it  seems 
probable  that  the  major  constituent  is  HBr  (see 
below).  Measurements  near  the  South  Pole  (Duce 
et  al.,  1973)  suggest  values  smaller  by  about  a 
factor  of  5.  There  are  indications  that  the 
gaseous  component  is  derived  primarily  from 
volatilization  of  bromine  carried  into  the  atmo- 
sphere as  a component  of  marine  aerosols  (Duce 
et  al.,  1963,  1965),  with  additional  contributions 
from  decomposition  of  CHjBr  and  from  particles 
released  during  the  combustion  of  leaded  gaso- 
line (Moyers  and  Duce,  1972;  Cadle,  1972; 
Martens  et  al.,  1973).  Using  available  data  for  the 
gasoline  source  strength,  and  empirical  values  for 
the  atmospheric  lifetime  of  HBr,  we  estimate  a 
source  strength  for  total  gaseous  bromine  of 
1.1  X 106  tons  yr‘*,  of  which  approximately 
80%  is  derived  from  marine  aerosols,  10%  from 
CH3Br,  and  10%  from  automobiles  .t 


t The  contribution  from  gasoline  to  the  gaseous  bro- 
mine budget  of  the  northern  hemisphere  could  be 
as  large  as  20%.  In  carrying  out  the  computations 
summarized  here  we  assumed  a gasoline-related  bro- 
mine source  of  1.8  X 10s  tons  yr"1(k1ingman,1974) 
and  estimated  that  half  of  this  bromine  would  be 
volatilized  before  removal  from  the  atmosphere.  We 
adopted  a lifetime  of  2 weeks  for  inorganic  gaseous 
bromine,  consistent  with  the  analysis  by  Moyers  and 
Duce  (1972). 


♦This  paper  appeared  in  nearly  identical  form  in  Geophysical  Research  Letters  (Vol.  2,  No.  6,  pp.  215-218),  in  June  1975. 
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The  importance  of  bromine  in  the  strato- 
sphere relates  to  its  potential  role  as  a catalyst 
for  recombination  of  ozone.  Catalysis  can  take 
place  either  through 


Br  + 03  ->  BrO  + 02 


BrO  + 0 -»  Br  + 02 

0) 

or  through 

2 |Br  + 03-*-Br0  + 02| 

(2) 

BrO  + BrO  -*■  2Br  + 02 

The  sequence  (1)  is  equivalent  to 

0 + 03  -*■  202 

O') 

The  sequence  (2)  is  equivalent  to 

03  + 03  -*■  302 

(21) 

Reaction  (2)  could  evolve  Br2  rather  than  Br. 
The  efficiency  of  the  cycle  would  not  be  greatly 
affected  by  uncertainties  in  the  identity  of  the 
bromine  product,  since  Br2  will  photolyze 
rapidly  in  the  presence  of  sunlight. 

Chlorine-atom  chains  are  terminated  in  the 
stratosphere  by  reactions  with  CH4  and  H2, 
which  tie  up  the  gas  in  the  relatively  unreactive 
form  HC1.  The  analogous  reactions  of  bromine 
with  CH4  and  H2  are  endothermic,  and  Watson 
(1975)  was  led  to  conclude  that  BrO  might  be 
the  major  form  of  gaseous  bromine  over  an 
extensive  height  range.  The  efficiency  of  the 
catalytic  cycles  (1)  and  (2)  could  be  exceedingly 
large  in  this  case,  and  mixing  ratios  of  bromine  as 
small  as  10"12  would  have  appreciable  effects  on 
03. 

It  seems  more  likely,  however,  that  HBr 
should  dominate.  Hydrogen  bromide  could  be 
produced  by 

Br  + H02  -*•  HBr  + 02  (3) 

and 


OH  + HBr  -»  H20  + Br  (5) 

with  an  additional  contribution  from 

lu>  + HBr  -*  H + Br.  (6) 

The  chemical  model  adopted  for  this  study, 
taken  for  the  most  part  from  Watson  (1975),  is 
given  in  Table  1 . 

Methyl  bromide  is  removed  by 

OH  + CH3Br  -*■  H20  + CH2Br.  (7) 

The  bromine  atom  is  subsequently  released,  and 
inorganic  bromide  (HBr  + Br  + BrO)  is  carried 
out  of  the  lower  atmosphere  by  rain  as  discussed 
earlier. 

The  major  uncertainties  in  the  chemical 
model  relate  to  reactions  (3)  and  (7),  for  which 
we  adopt  rate  constants  lO'^cm2  sec"1  and 
2 X 10"12  exp(-1200/T)  respectively.  The  rate 
for  (3)  was  suggested  by  a consideration  of 
high-temperature  data  reported  by  Day  et  al. 
(1971).  The  rate  for  (7)  is  consistent  with 
preliminary  measurements  for  the  reaction  at 
300K  (Watson  and  Davis,  1975)  and  agrees  also 
with  the  high-temperature  data  by  Wilson 
(1965). 

Height  profiles  computed  for  major  bromine 
species  are  given  in  Figure  1.  The  computations 
summarized  by  this  and  subsequent  figures  were 
carried  out  using  procedures  described  elsewhere 
(McElroy  et  al.,  1974;  Wofsy  and  McElroy,  1974; 
Wofsy  et  al.,  1975),  with  the  eddy-diffusion 
profile  taken  from  Hunten  (1975),  but  multi- 
plied by  1.5  above  16  km  to  obtain  agreement 
with  CH4  observations.  The  chemical  scheme 
allowed  for  95  reactions,  including  those  listed  in 
Table  1,  The  flux  of  inorganic  bromine  at  ground 
level  was  taken  equal  to  5.3  X 107  molecules 
cm:2  sec"1  *,  and  the  flux  of  CH3Br  was  adjusted 
to  agree  with  Lazrus  et  al.  (1975).  The  surface 
flux  of  CH3Br  was  estimated  in  this  manner  to 
be  3.0  X 106  molecules  cm"2  sec"1 , approxi- 
mately four  times  the  value  we  inferred  from 
Klingman  (1974)  for  the  net  amount  of  bromine 
consumed  in  the  manufacture  of  CH3Br  during 
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Table  1.  Chemical  Reactions  Used  in  the  Model 


k4 

k5 


k6 

k7 

k8 

Ji 

h 

Ri 


Reaction 

Rate  Expression  (a) 

Reference 

Br  + 03  — BrO  + 02 

1.2  X 10'12  (300°K) 

1 X 10' 10  exp  (-1320/T)  [A,  C) 

2.5  X 10  * 1 exp  (-900/T)  (BJ 

Watson  (1975) 

NO  + BrO  - N02  + Br 

2 X 10-' 1 

Watson  (1975) 

Br  + H02  - HBr  + 02 

1 X 10'10  (Cl 

1 X 10  " [B] 

0.  [A] 

Day  et  al.  (1971) 

(see  text) 

BrO  + O -►  Br  + 02 

8 X lO'1 1 

Watson  (1975) 

BrO  + BrO  - 2Br  + 02 

6.4  X 10'12 

Watson  (1975) 

BrO  + hv  -»  Br  + O 

rate  unknown  in  the  atmosphere, 
probably  slower  than  k2  according 
to  Watson  (1975) 

OH  + HBr  -»  H20  + Br 

3.7  X 10  * * e*p  ( ‘•00/T) 

Watson  (1975) 

OH  + CH3  Br-*H20  + CH2Br  (b) 

2 X 10' 12  exp  (-1200/T) 

5.5  X 10'12  exp  (-1900/T) 

(see  text) 

(see  text) 

Br  + H202  - HBr  + H02 

1 X 10' 1 exp  (-1200/T) 

(see  text) 

HBr  + hv  -»  H + Br  (c) 

0,  0,2.8  X 10"9, 4.9  X 10'6, 

3.8  X 10-6, 6.7  X 10'b 

Romand  and  Vodar  (1948) 

CH3Br  + hv  - CH3  + Br 

0,0, 2.2  X 1 O'9, 4.1  X 10'8, 

7.3  X 10'6, 1.8  X 10-* 

Davidson  (1951) 

HBr  + rain,  aerosol  -► 
removed  from  atmosphere 

1.7  X 10-6  0<Z<  4km 

8.5  X 10'7  4 km  < Z < 6 km 

4.3  X 10'7  6 km  < Z < 8 km 

1.7  X 10'7  8 kn  < Z < 10  km 

0 If  icm  < Z 

(see  text) 

O+HBr-OH  + Br 

4.0  X 10'12  erp(-1360/T) 

Brown  and  Smith  (1975) 

“Units  are  cm3  sec'1 . Letters  A,  B,  C refer  to  curves  in  Figure  2. 

bBr  atom  is  assumed  to  be  released  during  subsequent  chemistry  of  CH2Br. 

cPhotodissociation  rate  is  given  as  a function  of  altitude  (in  km),  units  of  sec'1  (0,  10, ...  , 50  km).  A 24-ho  • average  is 
used  at  30°  latitude,  0°  solar  declination. 


Figure  1.  Height  profiles  for  Br,  HBr,  BrO,  and  (Br  + 
HBr  + BrO).  The  data  (*)  are  from  Lazrus 
et  al.  (1975).  Computations  allow  for 
transport  of  N20,  NOx,  CH4,  CO,  03, 
(HBr  + Br  + BrO),  and  CH3Br,  and  ac- 
count for  complete  HOx  and  NOx 
chemistry.  The  mean  lifetime  calculated 
for  CH,Br  (column  concentration/flux)  is 
1.1  yr. 


1974.  Plonka  (1975)  is  of  the  opinion  that  only 
25%  of  the  industrial  CHjBr  is  released  to  the 
atmosphere,  mainly  as  a byproduct  of 
fumigation. 

Taken  at  face  value,  the  analysis  given  here 
implies  both  natural  and  industrial  sources  of 
CHjBr.  The  sea  is  the  most  probable  natural 
source,  providing  75-95%  of  the  CHjBr  shown  in 
Figure  1.*  However,  we  cannot  exclude  the 
possibility  of  additional  anthropogenic  contribu- 
tions to  stratospheric  bromine,  associated  for 
example  with  the  escape  of  (CHjBr^  from 
gasoline  storage  tanks  or  with  the  production  of 


* Burreson  et  al.  (1975)  reported  very  recently  that 
CHBr-j  is  an  important  component  of  certain  sea- 
weeds. If  released  to  the  atmosphere,  CHBr,  would 
play  a role  analogous  to  that  attributed  to  marine 
CH3Br  in  the  present  context. 
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relatively  insoluble  bromine  species  during  the 
combustion  of  leaded  gasoline. 

According  to  the  model,  the  mixing  ratio  of 
inorganic  bromine  decreases  by  only  a factor  of  5 
between  ground  and  tropopause.  This  profile 
results  from  the  choice  of  heterogeneous  loss 
coefficient  (cf.  Wofsy  et  al.,  1972),  and  is  con- 
sistent with  observational  data  for  other  soluble 
species,  HC1  (Farmer,  1975),  NH3  (Georgii  and 
Muller,  1974),  and  HN03  (Lazrus  et  al.,  1974), 
and  is  in  agreement  also  with  radioactivity 
removal  rates  summarized  by  Junge  (1963). 

The  results  in  Figure  1 imply  a reduction  on 
the  order  of  0.3%  in  the  global  concentration  of 
03  due  to  bromine  catalysis,  of  which  approxi- 
mately 0.2%  may  be  attributed  to  CH3Br  and 
0.02%  to  bromine  release  from  auto  exhausts. 
Reductions  in  03,  computed  with  various  values 
for  kj  and  k3,  are  shown  in  Figure  2.  The  results 
in  Figure  2 were  derived  subject  to  the  constraint 
of  a height-independent  value  for  the  mixing 
ratio  of  (HBr  + Br  + BrO),  and  illustrate  the 
dependence  of  the  computed  ozone  deficit  on 
this  parameter. 

Figure  3 gives  several  conceivable  time  pro- 
files for  the  ozone  deficit  associated  with  agri- 

•CUSTOM*.  Hit»5t  0»  CH^R  l*TRC  TOtfi/TOI 


Figure  2.  Ozone  reduction  as  a function  of 
(HBr  + Br  + BrO).  Different  curves  refer  to 
different  combinations  of  rate  expressions 
for  kj  and  k,,  as  shown  in  Table  1.  Curve 
B combines  “best  estimates”  for  these 
rates.  Curve  A shows  a model  where  HBr 
formation  does  not  occur  (k3  and  kg  set 
at  zero).  Curve  C illustrates  the  effect  of  a 
choice  for  k3  and  k , designed  to  minimize 
the  ozone  perturbation.  The  upper  axis 
shows  the  approximate  industrial  release 
rate  of  CH3Br  which  would  produce  the 
given  stratospheric  perturbation,  using 
k7  = 2 X 10'*2  exp  (-1200/T). 


cultural  use  of  CH3Br.  Curves  D and  E differ  in 
choice  of  rate  constant  for  reaction  of  OH  with 
CH3Br.  Curve  E employs  the  value  suggested  by 
analogy  with  the  OH-CH3Cl  reaction  and  is 
consistent  also  with  the  preliminary  measure- 
ment by  Watson  and  Davis.  Curve  D uses  the 
OH-CH4  reaction  rate.  Production  and  use  of 
CH3Br  is  assumed  to  grow  in  curves  D7  and  E7 
at  a rate  of  7%  per  annum,  a value  close  to  the 
historical  trend.  Curves  D15  and  El 5 envisage  a 
somewhat  larger  growth  rate,  approximately  15% 
per  annum.  The  latter  growth  rate  may  not  be 
unreasonable,  since  cost  factors  currently  limit 
fumigation  to  a very  few  high-value  crops. 
Approximately  10%  of  world  bromine  produc- 
tion is  used  in  the  manufacture  of  CH3Br,  and 
roughly  63%  in  the  production  of  ethylene 
dibromide. 

It  seems  clear  that  an  unconstrained  growth 
in  the  use  of  methyl  bromide  could  cause  future 
problems  for  ozone.  Measurements  of  bromine 
compounds  in  the  atmosphere,  together  with 
laboratory  studies  of  several  key  reactions, 
notably  kj,  k3,  and  k7,  should  be  pursued  in 
order  to  clarify  these  matters 


Figure  3. 


1990  2000  2010  2020  2050 

TIME  (T9 1 


Reduction  in  ozone  due  to  release  of 
anthropogenic  CH3Br.  Curves  D and  E 
differ  in  the  values  assumed  for  k7:  D, 
same  rate  as  CH4;  E,  preliminary  measure- 
ment reported  by  Watson  and  Davis 
(1975).  Other  rates  are  the  same  as  curve 
B,  Figure  2.  7%  and  15%  annual  increases 
are  modeled  by  D7,  E7,  and  D15,  E15 
respectively.  The  anthropogenic  release 
was  set  equal  to  104  tons  in  1974, 
approximately  50%  of  the  total  global 
production.  The  release  rate  estimated  by 
Plonka  (see  text)  would  imply  a shift  of 
the  time  axis  by  approximately  10  years 
for  D7  and  E7,  5 years  for  D15  and  El 5. 
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ABSTRACT:  Nitric  oxide  is  formed  in  the  atmosphere  through  the  ionization  and  dissociation  of 
molecular  nitrogen  by  galactic  cosmic  rays.  One  NO  molecule  is  formed  for  each  ion  pair  produced  by 
cosmic-ray  ionization. 

The  height-integrated  input  (day  and  night)  to  the  lower  stratosphere  is  of  the  order  of  6 X 107 
NO  molecules  cm'2  sec'1  in  the  auroral  zone  (geomagnetic  latitude  <t>  > 60°)  during  the  minimum  of 
the  sunspot  cycle,  and  4 X 107  NO  molecules  cm'2  sec'1  in  the  subauroral  belt  and  auroral  region 
(<t>  > 45°)  at  the  maximum  of  solar  activity.  The  tropical  production  is  less  than  107  NO  molecules 
cm'2  sec'1  above  17  km,  and  at  the  equator  the  production  is  only  3 X 106  NO  molecules  cm'2  sec'1. 


INTRODUCTION 

Oxides  of  nitrogen  formed  in  the  thermo- 
sphere by  reactions  involving  charged  species 
(Nicolet,  1965b;  Norton  and  Barth,  1970, 
Strobel  et  al.,  1970;  Nicolet,  1970a;  Strobel, 
1971a,  b,  1972)  cannot  penetrate  down  into  the 
stratosphere  (Brasseur  and  Nicolet,  1973).  The 
photodissociation  of  nitric  oxide  (Strobel,  1972; 
Brasseur  and  Nicolet,  1973)  is  more  important  in 
the  mesosphere  than  its  transport  rate,  and  the 
normal  presence  of  oxides  of  nitrogen  in  the 
stratosphere  must  be  due  to  their  formation  in 
that  region. 

Among  the  various  possible  processes  leading 
to  the  formation  of  nitrogen  oxides  in  the 
stratosphere,  we  may  consider  as  the  principal 
process  the  decomposition  of  nitrous  oxide 
(Bates  and  Hays,  1967;  Crutzen,  1970,  1971; 
Nicolet,  1970b,  1971;  McElroy  and  McConnell, 
1971;  Nicolet  and  Vergison,  1971;  Nicolet  and 
Peetermans,  1972).  However,  direct  photodisso- 
ciation such  as 

N20  + hK(X<2515  A)-*N(4S)  + NO(2n)  (1) 

is  aeronomically  impossible  (Nicolet  and  Peeter- 
mans, 1972)  and  the  exclusive  primary  dissocia- 
tion process  of  N20  yields  oxygen  atoms.  But,  as 
introduced  by  Nicolet  (1970b,  1971),  nitric 
oxide  is  generated  only  by  the  reaction 

N20  + 0(>  D)  ->  2 NO.  (2) 


The  CK1  D)  atoms  are  formed  by  the  photodisso- 
ciation of  stratospheric  ozone.  The  calculated 
vertical  distribution  of  N20  in  the  stratosphere 
depends  strongly  on  the  values  adopted  for  the 
eddy-diffusion  coefficient  (Nicolet  and  Vergison, 
1971;  McElroy  and  McConnell,  1971;  Crutzen, 
1971 ; Nicolet  and  Peetermans,  1972). 

The  oxidation  of  NH3  has  also  been  pro- 
posed as  a dominant  stratospheric  source  of  NOx 
(McConnell,  1973;  McConnell  and  McElroy, 
1973).  It  requires  a NH3  mixing  ratio  of  the 
order  of  at  least  10'9  in  the  lower  stratosphere 
if  it  is  to  play  a role  in  the  production  of  nitric 
oxide  molecules  (Nicolet,  1973  (Figure  10), 
1974  (Figure  8)).  Since  NH3  has  not  been 
observed  in  the  stratosphere,  such  a source  is 
probably  not  important.  According  to  Crutzen 
(1974),  NH3  can  be  removed  efficiently  by 
heterogeneous  processes  in  the  troposphere.  A 
recent  analysis  of  the  solar  spectrum  by  Kaplan 
(1973)  shows  that  the  mixing  ratio  could  be 
much  smaller  than  8X  1 O' 1 1 . However,  recent 
measurements  by  Georgii  and  Muller  (1974)  iead 
to  mixing  ratios  as  low  as  5 X 10*10  to  1 X 10*9 
in  the  polar  maritime  air  and  to  about  5 X 10'9 
over  the  continent.  In  any  case,  an  accurate 
analysis  of  this  problem  is  still  required. 

Finally,  recent  independent  studies  (War- 
neck,  1972;  Nicolet  and  Peetermans,  1972)  have 
proposed  the  production  of  nitric  oxide  by 
cosmic  rays  acting  on  N2.  Brasseur  and  Nicolet 
(1973)  have  indicated  that  the  production  of 
nitric  oxide  molecules  is  of  the  order  of  one 
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molecule  per  ion  pair  produced  by  cosmic  rays. 
The  production  of  nitric  oxide  by  cosmic  rays  is 
also  a nighttime  process,  and  its  rate  is  related  to 
the  geomagnetic  latitude.  An  attempt  will  be 
made  here  to  estimate  the  world-wide  meso- 
spheric and  stratospheric  production  of  nitric 
oxide  by  this  process. 

IONIZATION  AND  DISSOCIATION 
BY  COSMIC  RAYS 

Ionization  due  to  cosmic  rays  (Dalgarno, 
1967)  is  produced  mostly  by  secondary  electrons 
ejected  by  heavy  particles.  The  experimental 
results  of  Rapp  et  al.  (1965)  give  the  cross- 
sections  for  dissociative  ionization  of  molecules 
by  electron  impact  from  threshold  up  to 
1000  eV  (Figure  1).  The  dissociative  ionization 
cross-section  rises  from  threshold  to  a maximum 
near  lOOeV  and  decreases  with  increasing 
energy.  The  cross-section  for  the  dissociative 
ionization  process  N2  -*•  N + N*  corresponds  to 
about  20%  of  the  total  ionization  cross-section 
for  electron  energies  greater  than  100  eV,  and  to 
about  25%  for  02  -+  O + 0+  under  the  same 
conditions.  Thus,  the  ratios  of  N2+/N+  and 
02+/0+  ion  production  are  4 and  3,  respectively. 


Figure  1.  Dissociative  ionization  cross-section  of 
molecular  nitrogen  versus  electron  energy. 

The  production  of  molecular  nitrogen  ions 
in  the  air  is,  therefore,  4/5  X 0.8  = 0.64  of  an  ion 
pair,  and  the  production  of  atomic  nitrogen  ions 
is  4/5  X 0.2  = 0.16  under  the  same  conditions. 


k. 

■ 


Assuming  that  the  N*  ions  (Dalgarno,  1967)  are 
immediately  converted  by  a charge-transfer  reac- 
tion into  neutral  nitrogen  atoms 

N+  + 02  -*■  02+  + N (3) 

or  indirectly  transformed  through  the  reaction 

N+  + 02->0*N0+  (4) 

the  production  of  nitrogen  atoms  through  the 
dissociative  ionization  process  must  be  0.16  X 
2 = 0.32  nitrogen  atoms  per  ion  pair  produced 
by  cosmic  rays. 

The  total  dissociation  cross-section  has  been 
measured  (Figure  2)  by  Winters  (1966).  The 
average  cross-section  for  electron  energies  be- 
tween 30  and  300  eV  is  of  the  order  of 
1.75  X 10'16  cm2,  corresponding  to  about  three 
times  the  average  dissociative  ionization  cross- 
section  (5  X 10"17  cm2)  in  the  same  energy 
range.  Thus,  the  production  of  nitrogen  atoms  by 
direct  dissociation  is  0.32  X 2 = 0.64  per  ion  pair 
produced  by  cosmic  rays.  .The  total  yield  of 
nitrogen  atoms  produced  by  dissociation  and 
dissociative  ionization  of  N2  is  therefore  approxi- 
mately one  (0.96)  nitrogen  atom  for  every  ion 
pair  produced  by  cosmic  rays.  The  accuracy  of 
this  ratio  can  be  improved  when  more  precise  ex- 
perimental data  are  obtained.  If  0+  ions  have  an 
effect,  it  will  not  change  the  approximate  value 


Figure  2.  Dissociation  cross-section  of  N2  and  N2+ 
versus  electron  energy. 
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of  1.00  adopted  for  the  production  of  nitrogen 
atoms.  The  total  yield  of  odd  nitrogen  would, 
however,  increase  above  one  nitrogen  atom  for 
one  ion  pair  produced  by  cosmic  rays  if  a 
reaction  such  as  02+  + N2  NO+  + NO  were 
accepted  at  stratospheric  levels. 

REACTION  OF  NITROGEN  ATOMS 

The  dissociative  ionization  and  dissociation 
of  N2  and  the  dissociative  recombination  of 
molecular  ions  may  lead  to  a production  of 
nitrogen  atoms  in  the  normal  4S  state  and  in  the 
excited  states  2D  and  2P.  Since  the  lifetime  of 
the  excited  state  2D  is  long  (9.4  X 104  sec),  a 
direct  reaction  between  N(2D)  and  02  must  be 
considered.  Thus,  after  its  production,  atomic 
nitrogen  reacts  as  follows 

N(4S)  + 02  ■+  O + NO  + 32  kcal  (5) 

with  a rate  coefficient  (Becker  et  al.,  1969) 

b7  = 7.5  X 10'15  T e'300°/T  cm2  sec'1  (6) 
or 

N(2D)  + 02-+0  + N0  (7) 

with  a rate  coefficient  (Lin  and  Kaufman,  1971; 
Slanger  et  al.,  1971) 

b7*  = 6 X 10'1 2 cm3  sec'1.  (8) 

Of  the  various  aero.iomic  processes  leading  to  the 
union  of  odd-nitrogen  atoms,  only  the  following 
reaction  (Nicolet,  1965a) 

N + NO  ->•  O + N2  + 75  kcal  (9) 

with  a rate  coefficient  known  within  a factor  of 
two 

b6  = 1.5  X 10"12  T1/2  cm3  sec"1.  (10) 
can  play  a role. 

Its  role  can  be  neglected  in  the  normal 
processes  of  NO  formation  by  (5)  and  (7);  for  an 
excess  of  nitrogen  atoms,  reaction  (9)  must  be 
considered.  In  a perturbed  atmosphere,  the  reac- 
tions N + N02  ->•  NO  + NO,  N20  + 0,  and  N2  + 


02  should  be  considered  for  a complete  analysis 
of  NO  production. 


THE  COSMIC-RAY  VARIATIONS 

The  galactic  cosmic  radiation,  which  is  essen- 
tially isotropic  as  observed  on  the  Earth,  is 
modulated  by  the  interplanetary  magnetic  field; 
hence,  its  effect  on  NO  production  is  related  to 
solar  activity.  Since  its  intensity  depends  on  the 
geomagnetic  field,  there  is  an  ionization  or 
dissociation  effect  which  varies  strongly  with 
latitude.  Table  1 gives  the  production  of  ion 
pairs,  nitrogen  atoms,  or  nitric  oxide  molecules 
between  85  km  and  35  km  for  a solar  activity 
cycle.  The  minimum  value  is  reached  near  the 
maximum  of  the  solar  activity  and  the  maximum 
value  corresponds  with  minimum  solar  activity. 
There  is  a solar-activity  effect  which  is  greater 
than  a factor  of  two  at  high  latitudes.  In  fact,  the 
variation  with  solar  activity  depends  on  the 
geomagnetic  regions.  Figure  3 shows  the  geomag- 
netic regions;  they  are  defined  as  follows,  using 
geographic  coordinates  of  y>0  = 78.5°N  and 
Xq  = 69°  W for  the  north  geomagnetic  pole 
(Nicolet,  1959): 

1.  The  two  auroral  regions  for  each 
hemisphere  cover  the  polar  regions 
down  to  60°  geomagnetic  latitude. 

2.  The  two  subauroral  belts  cover  the 
regions  between  60°  and  45°  geomag- 
netic latitudes. 

3.  The  minauroral  belt  covers  the  regions 
between  geomagnetic  latitudes  45°N 
and  S. 

4.  The  equatorial  region  is  that  part  of 
the  minauroral  belt  with  a geomagnetic 
latitude  of  less  than  20°N  and  S. 

The  NO  production  is  almost  constant 
in  the  equatorial  region  (see  Figure  4 
and  Table  1);  the  latitudinal  and  solar- 
activity  effects  are  very  small.  In  the 
other  part  of  the  minauroral  belt  (20°  < 
<l>  < 45°)  there  is  a rapid  increase  of  the  NO 
production  with  latitude  with  smaller  differences 
due  to  the  solar  activity  effect.  In  the  subauroral 
belt  (45°  < <l>  < 60°)  the  production  rate  of 
nitric  oxide  almost  reaches  its  maximum,  and  the 
variation  with  solar  activity  is  particularly  large 
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Table  1.  Cosmic-Ray  Production  of  Nitric  Oxide  [(or  Ion  Pair  or  Atomic  Nitrogen)  (cm'3  sec"*)l  in  the  Mesosphere 
and  Upper  Stratosphere 


Altitude 

Latitude  <S> 

(km) 

0° 

15° 

30° 

40° 

85 

(3.3*  0.1)8  10  4 

(3.6  4 0.1)  X 10'4 

(6.0  4 0.3)  X 10'4 

(9.6  4 0.4)  X 10'4 

80 

(8.0 1 0.2)  X lO"4 

(8.8  4 0.2)  X 10'4 

(1.5  4 0.1)  X 10-3 

(2.3  4 0.1)  X 10-3 

75 

(1.8  i 0.05)  X 10  3 

(2.0  4 0.05)  X 10'3 

(3.3  4 0.2)  X 10-3 

(5.2  4 0.3)  X 10-3 

70 

(3.7  i 0.1)  X 10'3 

(4.1  4 0.1)  X 10' 3 

(6.9  4 0.4)  X lO'3 

(1.1  4 0.1)  X 10'2 

65 

(7.2  t 0.2)  X 10'3 

(8.0  4 0.2)  X 10'3 

(1.3  4 0.1)  X 10'2 

(2.1  4 0.1)  X 10'2 

60 

(1.3  t 0.05)  X 10  J 

(1.5  4 0.05)  X 10'2 

(2.4  4 0.2)  X 10'2 

(3.4  4 0.2)  X 10'2 

55 

(2.3  ± 0.05)  X 10'2 

(2.6  4 0.15)  X 10'2 

(4.3  4 0.2)  X 10'2 

(6.8  4 0.3)  X HT2 

50 

(4.3  4 0.1) X 10'2 

(4.7  4 0.1)  X 10'2 

(7.8  4 0.5)  X 10'2 

(1.2  t0.1)x  10" 1 

45 

(7.9  4 0.2)  x 10'2 

(8.7  4 0.2)  X 10'2 

(1.4  4 0.1)  X I0'1 

(2.3  4 0.1)x  10'1 

40 

(1.5  4 0.5)  X 10'1 

(1.7  4 0.05)  X 10'1 

(2.8  4 0.1)  X 10’1 

(4.4  4 0.2)  X 10'* 

35 

(3.1  4 0.1)  X 10'1 

(3.4  4 0.1)  X 10'1 

(5.6  4 0.3)  X 10' 1 

(9.0  4 0.4)  X 10' 1 

4>  = 50° 

<J>  = 60° 

Altitude 

(km) 

Min 

Mean 

Max 

Min 

Mean 

Max 

85 

1.4  X 10-3 

1.7  X 10-3 

2.0  X lO  3 

1.6  X 10-3 

1.8  x lO  3 

3.3  X lO  3 

80 

3.5  X lO  3 

4.2  X lO  3 

4.0  X lO'3 

3.9  X lO  3 

4.4  X lO  3 

8.0  X lO'3 

75 

7.8  X lO'3 

9.3  X lO'3 

1.1  X 10‘2 

8.8  X lO  3 

9.8  X lO  3 

1.8  X 10‘2 

70 

1.6  X 102 

2.0  X lO  2 

2.3  X 10‘2 

1.8  X 10'2 

2.1  X 10'2 

3.8  x lO'2 

65 

3.2  X 102 

3.8  X 10  2 

4.5  X 10  2 

3.6  X 10'2 

4.0  X 10‘2 

7.3  X 10'2 

60 

5.8  X 102 

7.0  X 10'2 

8.2  X 10'2 

6.5  X I0'2 

7.3  X 10  2 

1.3  X 10-' 

55 

1.0  X 10'1 

1.2  X lO"1 

1.4  X 10'1 

l.l  X 10‘* 

1.3  X 10'1 

2.3  X 10-' 

50 

1.9  X 10'1 

2.2  X lO'1 

2.6  X I0> 

2.1  X lO’1 

2.4  X lO'1 

4.3  X lO’1 

45 

3.5  X 10'1 

4.1  X 10-' 

4.9  X lO'1 

3.9  X lO'1 

4.4  X lO'1 

7.9  X 10  1 

40 

6.6  X 10  1 

7.9  X 10-' 

9.3  X lO'1 

7.4  X lO'1 

8.3  X 10  1 

1.5 

35 

1.3 

1.6 

1.9 

1.5 

1.7 

3.1 

Altitude 

(km) 

4>  = 70° 

Min 

Mean 

Max 

85 

1.6  X lO  3 

2.8  X lO'3 

4.0  X lO’3 

80 

3.9  X lO  3 

6.8  X lO  3 

9.6  X lO  3 

75 

8.8  X lO  3 

1.5  X 10  2 

2.2  X 10'2 

70 

1.8  X lO-2 

3.2  x 10  2 

4.5  X 10  2 

65 

3.6  X 10  2 

6.2  X 10  2 

8.8  X 10  2 

60 

6.5  X 10"2 

1.1  X 10  1 

1.6  X lO'* 

55 

1.1  X lO'1 

2.0  X lO'1 

2.8  X 10  1 

50 

2.1  X 10  1 

3.7  x 10  1 

5.2  X 10  1 

45 

3.9  X 10  1 

6.7  X 10'1 

9.5  X 10'1 

40 

7.4  x lO'1 

1.3 

1.8 

35 

1.5 

2.6 

3.7 

w 
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at  the  border  of  the  auroral  zone  (4>  = 60°).  In 
the  auroral  zone  (*J>>60°)  the  production  rate 
of  nitric  oxide  is  constant  for  the  same  solar- 
activity  conditions  but  varies  strongly  with  solar 
activity.  The  values  covering  the  solar  maximum 
(1958)  and  solar  minimum  (1965)  cause  the  min- 
imum and  maximum  production  of  nitric  oxide 
molecules  in  the  auroral  regions  and  in  a part  of 
the  subauroral  belt  (<l>  < 60°)  for  high  solar-activ- 


ity conditions.  A knee  in  the  curves  for  20  km 
(Figure  4)  occurs  at  <1>  < 60°  at  solar  maximum 
and  at  > 60°  at  solar  minimum.  An  example  of 
the  variation  in  the  auroral  region  is  given  in 
Figure  5 for  two  solar  cycles  from  1955  to  1970. 
The  production  of  nitric  oxide  molecules  at 
20  km  varies  from  a minimum  of  about  1 5 
molecules  cm'3  sec'1  to  a maximum  of  about  25 
molecules  cm'3  sec 1 . 


b.  Southern  hemisphere, 
ligure  3.  Geomagnetic  regions. 
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and  at  different  solar  maxima  (1958,  1969)  are 
not  very  different,  respectively.  The  variation  of 
the  nitric  oxide  production  with  altitude  is 
particularly  large  above  the  production  peak, 
which  is  at  12.5  km  ± 1 km  depending  on  the 
latitude  and  on  the  solar  cycle.  Below  the  peak, 
the  results  (Figure  6)  for  cosmic-ray  ionization 
obtained  by  George  (1970)  on  January  10-11, 
1968  at  constant  geomagnetic  latitude  44°N 
(near  the  beginning  of  the  subauroral  belt)  do 
not  differ  very  much  from  the  value  for  the 
auroral  region  (d>  > 60°)  near  a maximum  of 
solar  activity.  The  following  values  can  be  used  at 
4>  >44°  for  the  minimum  production  of  nitric 
oxide  molecules: 

0*  SO*  90* 

GEOMAGNETIC  LATITUOE 

Altitude  (km)  0 12  3 4 


Figure  4.  Nitric  oxide  production  at  20  km  by 
cosmic  rays  versus  latitude  for  conditions 
of  solar-activity  maximum  (1958)  and 
minimum  (1965).  Cosmic-ray  data  de- 
duced from  Neher  (1961,  1967). 


Figure  5.  Nitric  oxide  production  at  20  km  in  the 
northern  auroral  region  at  Thule,  <t>  = 88°. 
Cosmic-ray  data  deduced  from  Neher 
(1971). 


THE  VERTICAL  DISTRIBUTION  OF  THE 
PRODUCTION  OF  NITRIC  OXIDE  IN 
THE  STRATOSPHERE 

From  measurements  of  cosmic  rays  in  the 
stratosphere  at  high  latitudes  covering  several 
solar  maxima  and  minima  (Neher,  1971)  it  is 
possible  to  deduce  the  maximum  and  minimum 
production  rates  of  nitric  oxide  in  the  entire 
auroral  region.  Figure  6 is  an  illustration  of 
various  NO  production  rates.  The  vertical  distri- 
butions at  different  solar  minima  (1954,  1965) 


NO  (cm'3  sec'1 ) 

Altitude  (km) 

NO  (cm'3  sec'1 ) 

Altitude  (km) 

NO  (cm'3  sec'1)  26.2  29.3  30.6  30.8 


2.6  3.3  4.2  5.3  7.0 

5 6 7 8 9 

9.1  12.0  15.8  19.5  23.1 

10  11  12  12.5 


There  is,  therefore,  significant  stratospheric  pro- 
duction of  NO  molecules  (day  and  night)  in  the 
region  of  4>>45°.  Another  detailed  observation 
of  the  cosmic-ray  ionization  (Neher,  1967)  at 
Bismarck,  <I>=  560,  in  1965  from  June  28  to 
August  4 leads  to  values  of  nitric  oxide  produc- 
tion (Figure  6)  which  are  not  too  different  from 
the  observations  made  at  Thule  (<I>  = 88°),  parti- 
cularly below  the  production  peak.  Considering 
the  values  observed  at  4>  = 44°  for  maximum 
solar  activity  and  at  <t>  = 56°  for  minimum  solar 
activity,  the  following  average  values  for  the 
production  of  nitric  molecules  can  be  adopted 
for  the  upper  troposphere  and  lower  stratosphere 
at<J>>45°: 


Altitude  (km)  5 6 7 

NO  (cm'3  sec'1)  10.4+1.3  13.4±1.4  16.7±1 

Altitude  (km)  8 9 10 

NO  (cm'3  sec'1)  21.1*1.5  25.4±2  29.2±3 
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Figure  6.  Production  of  nitric  oxide  at  high  geo- 
magnetic latitudes  during  various  solar 
cycles.  1954  and  1965  are  minimum  solar 
activity;  1958  and  1969  are  maximum 
solar  activity.  Cosmic  ray  data  from  Neher 
(1971).  <J>  = 44°  in  1968  are  from  mea- 
surements made  by  George  (1970)  and 
■t>  = 56°  by  Neher  (1967)  at  Bismarck 
<t>  = 56°  and  v> = 47°. 

A latitude  survey  of  the  cosmic-ray  ioniza- 
tion (Neher,  1967)  was  made  during  July  1965 
corresponding  to  a minimum  of  solar  activity 


which  was  not  very  different  from  1954  in  regard 
to  the  production  of  nitric  oxide.  Table  2 gives 
the  values  for  all  latitudes  from  10  km  to  JO  km. 
The  production  peak  is  near  1 2.5  km;  the  varia- 
tion of  the  peak  altitude  can  be  followed  in 
Figure  7,  and  the  maximum  is  reached  with  a 
production  of  40  NO  molecules  cm'3  sec'1.  As 
far  as  the  absolute  cosmic-ray  ionization  during 
maximum  solar  conditions  is  concerned,  there  is 
no  systematic  survey  in  the  equatorial  region. 
From  observations  made  in  July  1958  (Neher, 
1961)  we  obtained  the  values  which  are  given  in 
Table  3 and  illustrated  in  Figure  8.  They  repre- 
sent a low  minimum  for  nitric  oxide  production. 
From  the  production  peak  (*=12.5  km)  up  to 
30  km.  there  is  an  extension  of  the  auroral  region 
(<t>  > 60",  where  the  NO  production  is  maxi- 
mum) into  the  subauroral  belt  to  geomagnetic 
latitudes  <t>  = 50°  and  <J>  * 55°,  respectively. 
Below  the  production  peak,  there  is  an  extension 
into  the  whole  subauroral  belt  (4>  > 45°).  This 
characteristic  (last  column  of  Table  3)  referred  to 
as  the  “knee”  (Neher,  1961)  corresponds  at  a 
constant  height  to  the  latitude  beyond  which  as 
one  proceeds  to  higher  latitudes  little  or  no 
change  occurs. 


Table  2.  Maximum  Production  of  Nitric  Oxide  Molecules  (cm'3  sec'1 ) 


Altitude 

(km) 

Latitude  <t> 

0° 

10‘ 

15° 

20° 

25 

30° 

35" 

40° 

45' 

50° 

55° 

>60° 

10 

113) 

(14) 

15.2 

17.0 

18.8 

20.4 

22.8 

25.2 

27.6 

30.9 

32.0 

32.0 

12.5 

(14) 

(15) 

16.1 

17.4 

19.4 

22.1 

25.0 

29.0 

32.1 

35.9 

38.8 

39.3 

IS 

(10.5) 

(i  1.5) 

12.2 

13.5 

15.3 

17.3 

21.3 

25.3 

28.5 

32.0 

36.0 

37.5 

17.5 

( 7.5) 

( 8.0) 

8.5 

9.5 

10.6 

12.3 

15.2 

18.3 

21.6 

25.4 

28.9 

31.2 

20 

< 5.0) 

( 5.2) 

5.4 

6.0 

6.9 

8.0 

10.1 

12.4 

15.0 

18.1 

21.0 

23.2 

22.5 

( 2.7) 

< 2.8) 

3.1 

3.6 

4.2 

4.9 

6.2 

7.6 

9.8 

12.0 

14.7 

16.7 

25 

( 1.7) 

( 1.8) 

1.9 

2.2 

2.5 

3.1 

3.6 

4.6 

6.2 

8.0 

10.0 

11.6 

27.5 

( 1.0) 

( 1.0) 

1.1 

1.3 

1.6 

1.9 

2.4 

3.1 

4.1 

5.3 

6.4 

8.0 

30 

<1 

<1 

<1 

<1 

<1 

1.) 

1.5 

2.0 

2.6 

3.2 

4.1 

5.4 

— 

Values  in  parentheses  are  extrapolations  from  data  at  higher  latitudes. 
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Figure  7.  Production  of  nitric  oxide  during  a mini- 
mum of  solar  activity.  Cosmic-ray  data 
deduced  from  Neher  (1967,  1971). 


Figure  8.  Production  of  nitric  oxide  during  a maxi- 
mum of  solar  activity.  Cosmic-ray  data 
deduced  from  Neher  (1961). 


Table  3.  Minimum  Production  of  Nitric  Oxide  Molecules  (cm-3  sec-1) 


Altitude 

(km) 

Latitude  4> 

Knee 

35° 

40” 

45° 

50° 

55-90” 

10 

21.0 

24.0 

26.0 

26.0 

26.0 

44° 

12.5 

27.5 

25.3 

28.2 

30.5 

30.5 

49 

15 

18.2 

21.2 

24.2 

27.0 

27.0 

49 

17.5 

13.3 

15.8 

18.2 

20.6 

21.2 

51 

20 

8.2 

10.2 

12.2 

14.2 

15.5 

53 

22.5 

5.0 

6.2 

7.2 

8.8 

10.1 

55 

25 

3.1 

3.9 

4.9 

5.9 

6.8 

55 

27.5 

1.9 

2.5 

3.2 

3.8 

4.5 

5fc 

30 

1.1 

1.6 

2.1 

2.6 

3.0 

56 

* 


- 
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The  latitude  of  the  knee  increases  with  alti- 
tude. During  maximum  solar  conditions,  the 
knee  occurs  at  a geomagnetic  latitude  of  about 
40°  at  sea  level,  at  <h  = 44'’  (sec  Table  3)  at  an 
altitude  of  10  km,  and  at  4>  = 56°  at  an  altitude 
of  30  km.  During  minimum  solar  conditions,  the 
knee  occurs  at  higher  latitudes,  for  example,  at 
<1>  = 52°  at  an  altitude  of  10  km,  at  <l>  = 55°  for 
the  production  peak  at  1 2.5  ± 1 .0  km,  and 
d>  = 60°  at  an  altitude  of  20  km. 


If  we  compare  (Figure  9)  the  vertical  distri- 
butions of  the  nitric  oxide  production  during 
conditions  of  minimum  and  maximum  solar 
activity,  we  can  see  that  there  are  several  regions 
to  be  considered.  In  the  equatorial  region 
(<I>  < 20°),  the  maximum  production  of  nitric- 
oxide  is  less  than  17.5  molecules  cm'3  sec'1  at 
the  peak.  In  the  minauroral  belt,  the  increase  is 
such  that  the  minimum  peak  production  is  about 
28  NO  molecules  cm'3  sec'*.  It  is  clear  that  in 
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the  subauroral  belt  and  the  auroral  region 
(<!>  > 45°)  this  NO  formation  rate  is  important  — 
35  ± 5 molecules  cm'3  sec'1  at  the  peak,  which 
represents  an  important  source  at  lower  strato- 
spheric levels  and  may,  therefore,  be  comparable 
to  or  larger  than  other  sources  since  cosmic-ray 
ionization  also  is  present  at  night. 


Figure  9.  Comparison  of  the  production  of  nitric 
oxide  molecules  for  minimum  and  maxi- 
mum solar  activities  in  the  equatorial 
region  (4>  < 20°),  in  the  subauroral  belt 
(45°  < <t>  < 60°)  and  in  the  auroral  region 
(<t>>60°). 

The  ionization  and  dissociation  of  molecular 
nitrogen  by  cosmic  rays  provide  (Figure  10)  a 
height-integrated  input  to  the  stratosphere  of 
6 X 107  NO  molecules  cm'2  sec"1  (day  and 
night)  in  the  auroral  zone  (4>  > 60°)  during 
minimum  solar-activity  conditions,  and  4 X 
107  NO  molecules  cm"2  sec'1  in  the  sub- 
auroral belt  and  auroral  region  (4>  45°)  during 

maximum  solar-activity  conditions.  The  exten- 
sion of  the  polar  tropopause  to  geomagnetic 
latitudes  of  35°  inside  the  minauroral  belt  leads 
(Figure  10)  to  NO  production  greater  than 
2X  107  molecules  cm'2  sec'1.  As  far  as  the 
equatorial  and  tropical  stratosphere  is  concerned, 
the  production  is  less  than  107  NO  molecules 
cm"2  sec'1,  since  the  tropopause  reaches  an 
altitude  of  17  km.  At  the  tropopause  break,  the 
stratospheric  production  may  increase  by  a large 
factor  according  to  the  synoptic  situation.  At 
mean  latitudes  it  is  well  known  that  the  tropo- 
pause height  is  very  variable  with  no  special 
concentration  near  the  mean  value. 


Figure  10.  Production  in  the  stratosphere  of  nitric 
oxide  molecules  (cm'2  sec"1)  versus  geo- 
magnetic latitude  for  conditions  of  mini- 
mum (NOmax)  and  maximum  (NOmin) 
solar  activity. 


CONCLUDING  REMARKS 

It  may  be  concluded  that  the  production  of 
nitric  oxide  molecules  by  the  ionization  and 
dissociation  of  molecular  nitrogen  in  the  meso- 
sphere and  stratosphere  is  negligible  in  the 
mesosphere  (NO  production  less  1 cm'3  sec'1) 
but  increases  to  a maximum  in  the  lower 
stratosphere  in  the  polar  regions.  The  distribu- 
tion of  the  ionization  and  dissociation  of  N2  by 
cosmic  rays  implies  that  the  NO  production  is 
greater  than  107  molecules  cm'2  sec'1  through- 
out the  lower  stratosphere  for  geomagnetic  lati- 
tudes <J>>45°  (Figure  10),  from  2X  107  to 
6 X 107  cm"2  sec'1.  In  the  equatorial  region 
4><20°  the  NO  production  is  small,  3X  106 
molecules  cm"2  sec' 1 . 

If  the  vertical  distribution  of  the  production 
of  nitric  oxide  by  cosmic  rays  (Figure  1 1 ) and  by 
the  reaction  of  0(1  D)  with  N20  are  compared,  it 
can  be  seen  that  production  by  cosmic  rays  is 
important  below  20  km  between  45°  latitude 
and  the  pole.  Since  cosmic  rays  cause  both 
daytime  and  nighttime  NO  production,  the  pro- 
cess is  particularly  important  during  the  winter  at 
high  latitudes.  It  is  necessary  that  production  of 
about  5X107NO  molecules  cm'2  sec'1  be 
introduced  in  the  computation  of  stratospheric 
models  and  that  correct  lower-boundary  condi- 
tions be  used. 
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Figure  11.  Comparison  of  the  production  of  nitric 
oxide  molecules  in  the  lower  stratosphere 
by  cosmic-ray  ionization  and  dissociation 
of  N2  and  by  oxidation  of  N20.  The 
“cosmic  ray  curves”  are  given  for  maxi- 
mum and  minimum  conditions  at  geo- 
magnetic latitudes  <t>  > 60°  and  <t>  > 45°, 
respectively.  The  “N20  curves”  are  given 
for  an  overhead  sun  h@  = 90°  and  an 
average  height  hQ  = 30°. 
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ABSTRACT:  A one-dimensional,  time-dependent  model  has  been  developed  for  the  purpose  of 
investigating  the  chemical  kinetics  of  the  stratosphere  in  a manner  as  complete  as  current  knowledge 
permits.  The  formulation  of  stratospheric  transport  processes  is  rudimentary,  consisting  as  it  does  of 
vertical  eddy  diffusion,  and  this  must  be  borne  in  mind  in  interpreting  any  results  which  are  quoted. 

As  a predictive  tool  in  its  own  severely  limited  context,  the  model  shows  a reduction  which  varies 
seasonally  from  1.2%  in  late  winter  to  0.8%  in  late  summer,  caused  by  an  annual  injection  of 
9.5  X 10 1 1 grams  of  N02  at  16-18  km. 


INTRODUCTION 

A time-dependent,  one-dimensional  model 
of  stratospheric  chemical  kinetics  has  been  devel- 
oped to  study  the  processes  determining  the 
stratosphere’s  natural  composition  and  the 
changes  which  might  be  caused  by  large-scale 
injections  of  minor  constituents  from  aircraft 
exhausts.  The  representation  of  the  physico- 
chemical processes  is  as  complete  as  present 
knowledge  permits;  this  is  achieved  at  the 
expense  of  incorporating  a rudimentary  dynam- 
ical scheme,  namely,  vertical  eddy  diffusion. 

The  model  is  being  developed  not  only  as  a 
test  bed  to  improve  both  qualitative  and  numeri- 
cal understanding  of  the  chemical  aspects  of  the 
overall  problem,  but  also  to  provide  tested, 
simplified  chemical  kinetics  for  use  in  two-  and 
three-dimensional  models.  It  will  also  provide  a 
prediction  in  its  own  right  of  the  change  in  total 
ozone  column  density  caused  by  emission  of 
NOi,  H2O,  COj,  CO.  and  CH4  from  the  engines 
of  an  SST  fleet.  This  prediction  must  be  viewed 
with  the  reserve  appropriate  to  the  model’s 
minimal  representation  of  atmospheric  dynamics. 

THE  MODEL  STRUCTURE 

The  chemical  kinetics  are  listed  in  Table  1. 
Rate  coefficients  were  selected  where  possible 
from  the  NBS  Chemical  Kinetic  Data  Survey 
tables  (Garvin  and  Hampson,  1974).  The  tem- 
perature and  pressure-column  distributions  were 
taken  from  US  Standard  Atmosphere  publica- 


tions (1962,  1966);  the  eddy-diffusion  coeffi- 
cients are  listed  in  Table  2.  The  model  has  a 
vertical  resolution  of  one  kilometer,  and  extends 
from  10  to  50  km.  The  time  t is  incorporated  in 
the  variation  of  solar  zenith  angle  <t>  with  season 
and  local  hour  angle.  <p  is  expressed  by 

cos  tp  = cos  A cos  5 cos  9 + sin  A sin  5 ( 1 ) 

where  A = latitude  (kept  constant  at  45°N  in  the 
experiment  described  here),  6 = solar-declination 
angle,  and  9 = t/240°,  where  t is  in  seconds 
measured  from  noon  of  the  vernal  equinox. 


Table  2.  The  Eddy-Diffusion  Coefficients 


10'4K 

Z 

io-4k 

Z 

(cm2  sec'1) 

(km) 

(cm2  sec'1) 

(km) 

2.87 

48.5 

0.367 

28.S 

2.33 

47.5 

0.372 

27.5 

1.91 

46.5 

0.382 

26.5 

1.58 

45.5 

0.397 

25.5 

1.33 

44.5 

0.417 

24.5 

1.13 

43.5 

0.443 

23.5 

0.965 

42.5 

0.476 

22.5 

0.837 

41.5 

0.517 

21.5 

0.734 

40.5 

0.568 

20.5 

0.652 

39.5 

0.631 

19.5 

0.585 

38.5 

0.708 

18.5 

0.530 

37.5 

0.805 

17.5 

0.487 

36.5 

0.925 

16.5 

0.452 

35.5 

1.07 

15.5 

0.424 

34.5 

1.26 

14.5 

0.402 

33.5 

1.50 

13.5 

0.386 

32.5 

1.80 

12.5 

0.375 

31.5 

2.19 

11.5 

0.368 

30.5 

2.69 

10.5 

0.365 

29.5 
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Table  I.  The  Chemical-Kinetic  Mechanism 


02  + he  — O + O 
O j + he  — O + 02 
O3  + he—  O + 0-,(  * A) 

03  + he-O('D)  + 02<'a) 
NO  + he  — N + O 
N02  + he  - NO  + O 
N20  + he-N2  +0(*D) 

N03  + he  — NO  + 02 
N2Os  + hv  -»  O + N02  + N02 
H20  + he-  H +OH 
HN02  + he  - OH  + NO 
HNOj  + he -OH  + N02 
HC’HO  + he  - H2  +C 
HCHO  +,he  - H + HCO 
C02  + he  - O + C 
H202  + he  - OH  + OH 
H02  + he-O  + OH 
CH302  + he-O  + CH3O 
CHjNO  + he  — CH3  + NO 
CH3ONO  + he  - CH3O  + NO 
0('D)  + M-0  + M 

o2i'a)  + m-o2  +M 
02(j1*)  + M-02  + M 
OH(e=  1-9)  + M - OH  + M 

o + o2  + m-o3  + m 
o + o3  - o2  + o2 

O('D)  + O3  — o2  + 02 
Ot'D)  + O3  — o + o + o2 
0(iD)  + 03-0  + 02(,S*) 

01 1 D)  + 02  — O + 02( 1 
02l 1 A)  + 02( 1 A)  - 02  + 02< 1 Z*) 

Ojl'ip  + Oj  - o + o2  +o2 
02('a)  +O3-O  + o2  +o2 
NO  + O3  - N02  + 02 

o + no2-no  + o2 
N02+03-N03  + 02 
NOj  + NO3  + M - N20s  + M 
O + N2Os  - N02  + NOj  + 02 
NO  + NOj  - N02  + N02 
O + NO  + M - NOj  + M 
O + N02  + M - N03  + M 
0('D)  + N20-N0  + N0 
0('D)  + N20-N2  +o2 


OH  + NO  + M - HN02  + M 
OH  + N02  + M - HN03  + M 
OH  + O3-  H02  +02 
H02  +O3-OH  + o2  + o2 
H + 03  — 0H(e=l-9)  + 02 
O + OH  — 02  t H 
O + H02  - OH  + 02 
OH  + OH  - O + H20 
OH  + H2  - H + K20 
H + H02  - OH  + OH 

h + ho2-h2+o2 

H + OH  — O + H2 
0('D)  + H20-0H  + 0H 
0(‘D)  + H2-H+0H 
H + OH  + M - H20  + M 
OH  +OH  + M-  H202  + M 
H + 02  + M - H02  + M 

oh  + h2o2-h2o  + ho2 

O + HjOj-OH  + HOj 

ho2  + ho2-o2  + h2o2 

OH  + HN02  - H20  + N02 

oh  + hno3-h2o  + no3 

OH  + CO  - C02  + H 
H + N02  - NO  + OH 
N + OH  - NO  + H 
NO  + H02  - OH  + N02 
N + 03  - NO  + Oz 
N + NO  - N2  + O 
n + o2-no  + o 

N + N02  - N20  + O 
N + NOj  - NO  + NO 
0('D)  + CH4-OH  +ch3 
OH  +CH4-  H20  +CH3 
OH  + HCHO  - H20  + HCO 
HCO  + 02  - H02  + CO 
CH  , + 02  + M - CH302  + M 
CH3  + NO  + M - CH3NO  + M 
CH302  + N0-CH30  + N02 
CH  j02  + CH302  - CH30  + CH3O  + O 
CH3O  + NO-CH3ONO 
CH3O  + N02  - CHj0N02 
CH3  + NOj  - CH3N02 
CH,0*0, -HCHO  + HO, 


TUCK 


THE  MODEL  EQUATIONS 

A chemical-kinetic  scheme  permits  modeling 
of  the  temporal  evolution  of  the  composition  of 
a reacting  gas  through  the  time  derivatives  of  the 
number  densities  of  the  species  involved. 

A set  of  simultaneous  equations  of  the  form 

™ = P(0  - 0(0  Y(i)  (2) 


is  obtained,  where  Y(i)  is  the  number  density  of 
the  ith  constituent,  and  P(i)  and  Q(i)  are  func- 
tions of  the  other  Y’s;  P(i)  is  a source  and 
Q(i)  Y(i)  a sink  term.  Integration  of  these  equa- 
tions forward  in  time  yields  the  number  densities 
Y(i)  as  functions  of  t. 

The  one-dimensional  eddy-diffusion  equa- 
tion used  was 


3V(i)  = _3  K 11 

at  az  zPz  az  pz 


(3) 


where  Z is  the  altitude  coordinate,  pz  is  the  air 
density,  and  Kz  is  the  vertical  eddy-diffusion 
coefficient,  specified  as  a function  of  the  model 
altitude  Z. 


mathematical  and  numerical  difficulties  asso- 
ciated with  the  necessary  matrix  inversions.  In  a 
model  which  correctly  treats  diurnal  variations, 
the  chemical  scheme  changes  radically  at  dawn 
and  dusk,  and  finding  a matrix  inversion  which 
would  be  sufficiently  flexible  and  efficient 
enough  appeared  difficult. 

.king  the  equations  one  at  a time  still 
offers  a strictly  conservative  scheme  — for 
example,  by  the  use  of  an  explicit  Euler  first- 
order  forward  time  step.  However,  the  stability 
requirements  for  such  an  integration  demand  a 
time  step  of  the  order  of  microseconds  for 
stratospheric  chemical  kinetics.  This  is  computa- 
tionally unacceptable;  employing  a stationary- 
state  approximation  for  those  species  which  have 
small  characteristic  times  permits  relaxation  of 
this  restraint,  but  at  the  expense  of  conservation. 
In  addition,  one  must  arrange  for  repeated 
testing  in  space  and  time  to  test  the  validity  of  a 
stationary-state  approximation.  This  leads  to 
difficulties  if  long  integrations  are  performed, 
since  one  needs  a “correct”  solution  against 
which  to  make  the  tests. 

Equation  (4),  derived  from  an  integration 
over  the  time  step  t with  the  assumption  of 
constant  P and  Q over  this  interval 


INTEGRATION  OF  THE  MODEL  EQUATIONS 


WO  = YnCOe 


-Qn(i)At 


Chemical- K inet  ic  Eq  uat  ions 

The  chemical-kinetic  equations  have  widely 
different  characteristic  time  constants;  this  poses 
severe  problems  if  integration  is  to  be  performed 
conservatively,  accurately,  and  with  computa- 
tional economy.  Conservation  of  the  total  num- 
bers of  oxygen,  nitrogen,  hydrogen,  and  carbon 
atoms  is  essential,  otherwise  spurious  sources  and 
sinks  of  various  species  may  be  introduced.  High 
accuracy  (say  to  better  than  the  10"2  or  I0‘3 
over  the  whole  integration  period)  is  not  essential 
in  view  of  the  other  uncertainties  in  the  calcula- 
tions, but  computational  economy  is  a sine  qua 
non  in  view  of  the  model  complexity. 

In  principle,  one  should  in  this  case  solve  the 
34  equations  arising  from  the  reactions  listed  in 
Table  1 simultaneously,  either  by  a multistep 
Gear  method  or  by  a fully  implicit  matrix 
method.  These  approaches  were  ruled  out  on  the 
grounds  of  computational  cost  and  of  probable 


+ (I  -e'°"(i)At)  (4) 

was  found  to  be  unsuitable,  since  it  leads  to  loss 
of  conservation  and  introduces  artificial  sinks  of, 
for  example,  odd  nitrogen. 

After  considerable  experimentation,  a semi- 
implicit  relation 


n+ 1 


(i) 


Y„(i)  + P(i)  At 
1 +Q(i)At 


(5) 


was  employed.  The  subscript  n refers  to  time 
level.  This  is  in  fact  a non-conservative  algorithm, 
but  in  operation  steps  were  taken  to  improve  its 
performance  to  an  acceptable  level.  This  was 
achieved  by  holding  Yn(i)  constant,  and  iterating 
the  other  Y(i)’s  to  recalculate  P(i)  and  Q(i)  and 
hence  a new  value  Yn+1(i).  Aftercareful  investi- 
gation of  the  chemical-kinetics  scheme  running 
without  dynamics,  it  was  decided  that  a time 
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step  of  30  seconds  and  4 iterations  during 
daylight,  and  60  seconds  and  2 iterations  at 
night,  would  suffice,  with  the  modification  that 
the  time  step  would  be  1 second  for  10-minute 
periods  after  sunrise  and  sunset.  This  reduced 
spurious  sources  and  sinks  of  odd  nitrogen  to 
levels  which  were  small  compared  to  the  natural 
sources  and  sinks. 

Photodissociation  Coefficients 

The  rate  at  which  photon-absorbing  mole- 
cules dissociate  is  computed  from  the  equation 

J(Z)  = £ Q( X)  o (X)  L(Z,X) 

A 

where  Z = altitude,  X = wavelength  of  solar 
radiation,  Q = quantum  yield,  o = absorption 
cross-section,  and 

L(Z)  - L0  e - (ZjOjNiCZlM) 

where  L0  is  the  solar  flux  at  the  top  of  the 
atmosphere,  Nz  is  the  column  density,  and  the 
subscript  i*  refers  to  absorbing  species.  The 
magnification  factor  M allows  for  the  variation  in 
path  length  with  solar  angle  <p,  and  is  expressed 
by 


where  R = radius  of  Earth. 

The  solar  fluxes  are  calculated  and  stored  at 
each  level,  permitting  the  ready  computation  of 
solar-UV  heating  rates  if  desired. 

Photodissociation  coefficients  are  calculated 
every  half-hour  during  daylight,  except  during 
the  30-minute  periods  which  respectively  precede 
and  follow  dusk  and  dawn,  when  the  J’s  are 
computed  more  frequently. 

Eddv-Diffusion  Equal  ions 

The  eddy-diffusion  equations  were  inte- 
grated separately  using  a simple  forward  time 


step  of  3600  seconds,  operating  on  the  number 
densities  generated  during  the  last  dynamical  step 
by  the  chemical  equations.  Spatially  the  treat- 
ment was  based  on  levels  halfway  between  the 
chemical  levels,  using  the  relation 

9Ye 1_  Ke+!/2Pg+'/2Yg+i 

9t  (AZ)2  Pe+i 

Kfc+ViPe+'/i  + Kj - y2Pe - 1/2  v 

Ye 

Pc 

K<a-'/2Pg-'/2Yg-l  (6) 

P«-  1 

where  1 is  the  space  index.  (The  values  for  K are 
shown  in  Table  2.) 

The  boundary  conditions  employed  to  date 
involved  assuming  a photochemical  stationary 
state  at  the  top  level  (50  km);  the  chemical 
reactions  but  not  the  dynamic  processes  were 
permitted  to  change  the  composition  at  the 
bottom  level  (10  km). 

The  complete  model,  which  is  programmed 
in  ASSEMBLER  but  with  FORTRAN  I/O,  takes 
1 1 2 seconds  per  day  (averaged  over  a year)  for  its 
40  levels,  on  an  IBM  360/195  machine. 


EXPERIMENTS 

Starting  Conditions 

Currently,  no  set  of  measurements  is  avail- 
able which  enables  one  to  choose  stratospheric- 
constituent  distributions  close  to  those  which  the 
model  generates  without  making  large  changes. 
This  is  probably  caused  by  shortcomings  in  both 
the  measurements  and  in  the  model;  in  any  case, 
the  model  has  to  generate  fields  of  the  more 
reactive  intermediate  species,  for  which  there  are 
no  measurements. 

Initially,  the  different  species  were  assigned 
the  following  volume  mixing  ratios,  constant 
throughout  the  stratosphere,  selected  more  or 
less  according  to  available  measurements  of  their 
mixing  ratios: 
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N2  0.781 

02  0.209 

C02  3 X I(H 

H20  5 X 10-6 

N20  2.S  X lO'7 

HN03  3 X 10'9 

NO  lO'9 

N02  3 X 1 O'9 

H2  5 X lO’7 

CO  4 X lO'8 

CH4  1.5  X lO’6 

Ozone  was  assigned  a profile  synthesized  from 
the  data  of  Hering  and  Borden  (1967)  in  the 
lower  stratosphere,  and  from  Krueger  (1973) 
above  22  km.  .Ml  other  species  were  set  to  zero. 

Tests  of  the  Chemical  Kinetics 

An  integration  using  the  chemical  kinetics 
only  was  performed  with  the  above  initial  values, 
and  was  taken  to  40  days  of  simulated  time. 
During  this  period  substantial  changes  took  place 
in  certain  of  the  profiles,  including  the  expected 
reduction  of  N20  at  higher  altitudes,  through 
reaction  with  CH 1 D).  The  distributions  of  the  34 
species  at  the  end  of  this  40-day  run  were  then 
taken  as  the  starting  values  for  actual 
experiments. 

An  experiment  in  which  the  chemistry  alone 
was  operative  was  then  run  to  80  days,  making 
120  days  in  all  for  this  version  of  the  model.  The 
profiles  were  beginning  to  show  roughnesses, 
especially  those  of  the  species  which  were  under- 
going photodissociation;  this  experiment  was 
then  terminated  since  the  results  clearly  indi- 
cated that  some  treatment  of  vertical  transport 
should  be  included. 

Tests  of  the  Vertical-Transport  Scheme 

The  one-dimensional  eddy-diffusion  formu- 
lation was  then  tested  and  used  in  two  experi- 
ments in  which  the  chemical  kinetics  were 
omitted;  the  same  initial  40-day  profiles  were 
used.  In  the  first  experiment,  which  related  to 
the  natural  conditions,  the  species  were  trans- 
ported vertically  in  the  expected  manner,  with  a 
marked  tendency  for  the  transport  to  minimize 
the  number-density  gradients.  This  experiment 


served  as  a control  integration  for  a second 
experiment  in  which  injections  of  N02,  H20, 
C02,  CO,  and  CH4  were  made.  One-quarter  of 
each  injectant  was  inserted  at  the  16-  and  at  the 
18-km  levels,  and  one-half  at  17  km.  The 
amounts  injected  are  listed  in  Table  3;  they 
correspond  to  an  emission  of  9.5  X 10"  grams 
of  N02  annually  in  the  stratosphere.  The  differ- 
ence in  the  N02  profiles,  for  this  pair  of 
experiments  which  use  dynamics  only,  is  plotted 
as  a function  of  time  in  Figure  1.  These  curves 
delineate  the  way  in  which  the  model  transports 
the  artificial  injection  in  the  vertical.  Of  particu- 
lar import  is  the  rate  at  which  the  artificial 
injectant  is  transported  upwards  from  the  (light 


Table  3.  Injectant*  and  Injection  Rates 


Molecule 

NO  2 

h2o 

CO 

co2 

OH  4 

Total 

injection  rate 
(molec.  cm'3 
sec'1) 

768 

172  800 

267 

91  200 

77 

l ipure  I.  Vertical  transport  of  NOj  tracer  in 
COMCSA  one-  and  three-dimensional 
models. 


altitudes  to  the  regions  of  net  photochemical 
production  in  the  upper  levels  of  ozone  layer. 

A comparison  of  the  results  of  the  injection 
experiment  with  vertical  transfer  only  with  the 
vertical  spread  of  the  same  quantity  of  an  inert 
tracer  injected  in  the  three-dimensional  general- 
circulation  model  of  Newson  (1974)  reveals 
reasonable  agreement,  as  is  illustrated  in  Figure 
1.  This  provides  evidence  for  some  degree  of 
validity  in  the  choice  of  vertical  eddy-diffusion 
coefficients  in  the  one-dimensional  model. 

Representation  of  the  Natural  and 
Perturbed  Stratospheres 

Two  experiments  have  been  mounted  to 
date,  with  the  separably  tested  component  parts 
of  the  chemical-kinetic  and  dynamic  schemes 
combined  to  form  a single  model  in  which 
Equations  (2)  and  (3)  were  integrated  forward  in 
time. 

The  first  experiment  was  an  initial  attempt 
with  this  model  to  compute  vertical  profiles  of 
the  constituents  in  a one-dimensional  representa- 
tion of  the  chemical  composition  of  the  natural 
stratosphere. 

The  second  experiment  included  the  injec- 
tion of  exhaust  emissions  listed  in  Table  3.  Half 
of  these  amounts  were  injected  at  17  km,  a 
quarter  at  18  km,  and  the  remaining  quarter  at 
16  km,  at  every  time  step.  The  total  annual  injec- 
tion of  N02  was  9.5  X 10 1 1 grams. 

The  Simulation  of  the  Natural 

Stratospheric  Composition 

Figure  2 gives  model  profiles  from  this 
experiment.  Bearing  in  mind  'he  effect  of  dif- 
ferent averaging  methods,  compare  Figure  2a 
with  Figure  3,  in  which  Ackerman  ( 1974)  shows 
the  envelopes  covering  all  currently  published 
measurements  of  NO.  NO2.  and  HNOj.One  may 
conclude  that  the  order-of-magnitude  abun- 
dances of  these  species  are  consistent  for  the 
measurements  and  the  model  calculations  (which 
are  for  noon  at  1250  days  (late  August)  at 
45°N).  The  uncertainties  in  this  comparison  are 
very  large,  and  do  not  constitute  a rigorous  test 
of  the  model. 
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Figure  3.  F.nvelopes  including  the  data  on 
NOx  (NO  + N02)  and  HNO3  (from  Acker- 
man. 1974). 

The  profiles  of  the  N20  and  CH4  molecules, 
which  are.  with  H20,  the  principal  sources  for 
the  reactive  species  which  characterize  strato- 
spheric chemical  kinetics,  are  depicted  in  Figure 
2b  and  in  Figure  4 (measurements).  There  is  clear 
qualitative  agreement  in  the  shape  of  the  profiles 
of  the  N 20  and  CH4  mixing  ratios,  which 
decrease  with  increasing  altitude  because  of 
reaction  and  photodissociation. 

The  model’s  water-vapor  profile  in  Figure  2b 
may  be  compared  with  the  global-average  profile 
CO’  -piled  by  Harries  ( 1975),  shown  in  Figure  5a. 
The  model  profile  shows  a clear  increase  as 
altitude  increases,  caused  by  the  methane  oxida- 
tion; this  effect  is  not  unequivocally  present  in 
the  average  measured  profile.  However,  the  indi- 
vidual profile  of  Houghton  (1975)  obtained  at 
44°N  0°W  on  9 July  1974  between  20  and 
30  km  (see  Figure  5b)  shows  qualitative  agree- 
ment with  the  model  profile;  significance  should 
not  be  attached  to  the  detailed  numerical  agree- 
ment, but  rather  to  the  fact  that  there  is  an 
increase  at  high  altitude. 

The  model  ozone  profiles  (Figure  6)  show  a 
wide  seasonal  variation;  the  agreement  with 
observations  is  reasonably  good,  but  there  is  a 
tendency  for  the  maximum  to  be  too  high, 
possibly  because  the  quantitative  altitude 
dependence  of  penetration  of  solar  UV,  and 
hence  of  molecular-oxygen  photodissociation,  is 
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Figure  4. 
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f igure  6.  Ozone,  model  and  measured  profiles. 
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difficult  to  calculate.  The  production  of  nitrogen 
atoms  by  cosmic  rays  in  the  lower  stratosphere 
and  photodissociation  of  NO  higher  up  is  impor- 
tant because  some  of  the  reaction  paths  of  the 
nitrogen  and  oxygen  atoms  with  NO  and  N02 
provide  a sink  for  odd  nitrogen;  this  is  again 
difficult  to  compute  accurately. 


a.  Mean  of  measured  data. 


Figure  7 shows  the  diurnal  variation  of  NO, 
N02,  NOj,  and  N205.  The  diurnal  variation  of 
N02  is  consistent  with  observations  which  show 
less  N02  after  dawn  than  before  dusk,  but  not 
with  a maximum  at  noon.  Since  this  run  was 
started,  new  data  on  the  photodissociation  of 
NO3  has  appeared;  it  is  not  completely  clear 
what  effect  this  will  have  on  the  data,  but  a first 
inspection  suggests  that  the  changes  will  be 
minor.  It  should  be  noted  that  Figures  6 and  7 
suggest  that  a computationally  economic  square- 
wave  approximation  to  the  diurnal  variation  will 
not  be  valid  for  N205 

Figure  8 displays  the  model-computed  tem- 
poral behavior  of  total  column  densities,  during 
a span  of  6 years.  The  first  obvious  point  is  the 
familiar  one  that  a one-dimensional  chemical- 
kinetic  model  cannot  obtain  the  correct  phase 
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b.  Comparison  of  model  and  measured 
profiles,  at  44° N 0°W,  9 July  1974. 


Figure  5.  Stratospheric  water-vapor  profiles. 
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a.  NO.  b.  N02. 


c.  N03.  d.  HN03. 

Figure  7.  Diurnal  variation  of  odd  nitrogen  species  for  day  336  (20  Feb  00). 


for  the  annual  variation  in  the  ozone  column 
density,  because  it  cannot  represent  the  meri- 
dional transport  processes  which  largely  account 
for  the  observed  maximum  in  spring  and  mini- 
mum in  autumn.  However,  the  amplitude  of  the 
variation  is  of  the  correct  scale.  All  the  species 
shown,  NO  + N02,  HN03,  03,  and  H20,  have 
seasonal  variations  of  different  amplitudes.  The 
phase  relationships  are  interesting,  particularly 
those  between  the  NO  + N02,  HN03,  and  03. 
The  NO  + N02  is  at  a maximum  just  before 


midsummer,  and  a minimum  in  midwinter, 
whereas  the  reverse  holds  for  HN03.  Whether  or 
not  the  relative  phases  of  these  variations  are 
maintained  in  a two-dimensional  model  will  be  of 
particular  importance  in  the  partitioning  of  odd 
nitrogen  between  NO,  N02  and  HN03. 

The  water  vapor  has  a seasonal  variation 
with  an  amplitude  of  about  3%  superimposed  on 
a steady  increase.  The  maximum  occurs  in  late 
autumn/early  winter,  and  the  minimum  in  late 
spring/early  summer.  The  long-term  increase 
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Figure  8.  Column  densities  above  10  km  as  a func- 
tion of  time. 


probably  reflects  a combination  of  the  slow 
upward  transport  of  methane  to  levels  where  it  is 
oxidized,  and  the  rate  of  flux  of  water  vapor 
itself  through  the  top  boundary. 

The  figure  also  shows  the  long  time  required 
by  stratospheric  chemical-kinetic  models  to 
attain  a seasonally  varying  stationary  state,  start- 
ing from  data  selected  from  experimental 
measurements. 

The  Concorde  Injection  Experiment 

The  results  of  the  experiment  in  which  the 
emissions  were  injected  between  16  and  18  km 
are  displayed  in  Figures  9 and  10. 

Figure  9 shows,  for  late  August,  conditions 
of  insolation,  the  ozone  column,  the  percentage 
of  reduction  of  the  ozone  column  as  a function 
of  height,  and  the  percentage  of  ozone  below  a 
given  level.  The  curves  illustrate  the  point  that 
the  reactions 


NO  + O3  -*■  NO2  + O2 
N02  + hy  -*•  NO  + O 


no2  + o-*no  + o2 

Oj  + hv-*0  + 02 

require  only  visible  light  to  be  effective  as  a 
catalytic  cycle,  and  thus  reduce  the  vertical 
ozone  column  over  a wide  range  of  altitudes  at 
and  above  the  levels  of  the  injection.  The 
maximum  ozone  reduction  occurs  at  the  heights 
where  most  of  it  is  located,  and  does  not  depend 
solely,  as  is  often  claimed,  upon  injected  nitrogen 
oxides’  reaching  the  regions  where  net  ozone 
production  occurs  by  the  reactions 

O2  + bv  -*  O + O 

O + O2  + M -*■  O3  + M 

This  argument  of  course  depends  critically  upon 
the  rate  of  vertical  transfer  at  these  levels,  and 
whether  the  transport  of  a species  is  determined 
by  its  gradient. 

Figure  10  shows  the  seasonal  variation  of  the 
ozone  reduction,  ranging  from  0.8%  in  late 
summer  to  1 .2%  in  late  winter. 
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Figure  10.  Percentage  changes  in  HNO3,  NO  + N02, 
and  O3  as  a function  of  time. 
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The  maximum  reduction  as  a percentage 
occurs  when  the  total  column  is  least,  and  the 
minimum  when  the  total  column  is  greatest.  This 
is  because  the  one-dimensional  model  cannot,  as 
outlined  earlier,  correctly  describe  the  seasonal 
variation  in  the  ozone  column  at  a particular 
latitude,  because  the  meridional  transport  proc- 
esses cannot  be  represented.  It  is  also  true  that  a 
given  amount  of  injected  nitrogen  oxide  is  less 
effective  as  a sink  for  ozone  when  the  photo- 
chemical production  of  ozone  is  at  a maximum; 
this  occurs  in  summer. 

The  phase  relationships  between  the  dif- 
ferent species  in  Figure  10  are  again  of  interest;  it 
will  be  especially  useful  to  examine  their 
behavior  in  a two-dimensional  model. 

The  result  of  this  experiment  shows  a 
smaller  effect  on  the  ozone  than  the  results  of 
other  workers.  The  fact  that  the  model  described 


here  has  a completely  time-dependent,  diurnally 
varying  sun  probably  accounts,  at  least  in  part, 
for  the  somewhat  lower  reduction  in  the  total 
ozone  column.  The  calculated  total  (NO  + NO2  + 
HNO3)  is  rather  higher  than  that  of  most  other 
models  in  the  stratosphere,  giving  an  average 
column  density  above  12  km  of  about 
2.5  X 1016  molecules  cm-2.  Such  a column 
density  corresponds  to  total  NO  + NO2  + HNO3 
amounts  comparable  to  these  given  by  recent 
measurements  (see  Figure  3).  However,  the  signi- 
ficant information  is  the  partitioning  between 
these  three  molecules  between  about  1 5 and  30 
km;  this  shows  a behavior  depending  upon 
altitude  and  time  in  a complicated  manner, 
which  of  course  cannot  be  represented  in  station- 
ary state  models.  The  greater  the  proportion  of 
HNO3  during  sunlit  periods,  the  less  will  be  the 
reduction  in  the  ozone  layer. 
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FURTHER  DEVELOPMENTS 

A reduced  chemical  scheme,  using  approxi- 
mately half  the  number  of  species  and  reactions 
in  the  chemical-kinetic  mechanism  described 
here,  is  being  tested  for  use  in  a two-dimensional 
model.  A rapid  scheme,  using  13  species  and  18 
reactions,  is  also  undergoing  trials,  with  a vertical 
resolution  of  2 km  and  an  altitude  range  of 
0-48  km  in  its  one-dimensional  form. 

Further  experiments  under  way  with  the 
one-dimensional  model  include  one  using  the 
solar  absorption  in  the  model  with  an  atmo- 
spheric radiation  scheme  to  compute  heating 
rates  and  hence  temperatures,  for  application  to 
the  reaction  rates.  Experiments  are  also  planned 
to  investigate  the  effects  of  nuclear-weapon 
testing  on  the  ozone  layer,  and  to  test  the 
sensitivity  of  the  model  to  variation  of  certain 
key  rate  coefficients. 
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ABSTRACT:  A time-dependent  meridional  photochemical  model  of  the  lower  regions  of  the 
atmosphere  has  been  developed  to  calculate  the  distributions  of  trace  chemical  species  in  the 
atmosphere.  Large-scale  eddy  transport  and  mean  meridional  advective  transport  are  included  in  the 
model.  The  species  considered  are  O(’D),  0(3P),  02,  Oj,  N20,  NO,  N02,  HNOj,  N,  H,  OH,  H02, 
H202,  H20,  and  CH4.  Steady-state  distributions  of  Oj,  N20,  N02,  NO,  and  HNOj,  calculated  in  the 
entire  meridional  plane,  where  the  season  in  the  northern  hemisphere  is  autumn,  are  in  relatively  good 
agreement  with  available  atmospheric  observations.  Agreement  between  the  calculated  and  observed 
meridional  variations  of  the  total  ozone  column  is  also  good.  Initial  estimates  of  the  potential  change 
in  the  chemical  structure  of  the  stratosphere  resulting  from  the  deposition  of  pollutants  in  typical 
North  Atlantic  flight  corridors  by  SST’s  are  presented.  Significant  decreases  in  the  total  ozone  column 
were  found  in  both  hemispheres  for  a deposition  of  1.65(10)* 2 grams  of  N02  per  year  in  flight  corri- 
dors centered  at  50°N  latitude  and  at  altitudes  of  20  and  17  km,  respectively.  The  results  of  some 
initial  inert-tracer  studies  performed  to  test  the  adequacy  of  the  time-dependent  transport  data  used 
in  the  model  are  in  relatively  good  agreement  with  available  distribution  data  of  tungsten- 185  and 
carbon-14. 


INTRODUCTION 

Since  the  stratosphere  is  a1  very  stable  region, 
characterized  by  a residence  time  on  the  order  of 
a few  years,  the  accumulation  of  pollutants 
deposited  by  a fleet  of  SST’s  flying  in  the 
stratosphere  may,  through  photochemical  re- 
actions, alter  the  concentration  of  ozone  in  this 
region  of  the  atmosphere.  This,  in  turn,  can 
change  the  amount  of  ultraviolet  radiation  reach- 
ing the  surface  of  the  earth,  which  may  signifi- 
cantly affect  our  biosphere.  Consequently,  it  is 
necessary  to  determine  what  effects  these  pol- 
lutants will  have  on  the  chemical  state  of  the 
“natural”  atmosphere. 

In  order  to  adequately  assess  the  effect  on 
the  ozone  layer  of  pollutants  deposited  in  the 
lower  regions  of  the  atmosphere  by  future  SST 
aircraft,  a consistent  numerical  model  of  the 
existing  “natural”  atmosphere  must  initially  be 
developed  and  verified.  This  paper  describes 
a two-dimensional  meridional  photochemical 
model*  of  the  lower  regions  of  the  atmosphere, 
which  parameterizes  the  meridional  thermo- 

•Brief  discussions  of  other  reported  modeling  efforts  are 
included  in  Widhopf  (1974)  and  Widhopf  and  Taylor 
(1974). 


dynamic  structure  and  the  advective  and  tur- 
bulent eddy  transport,  and  solves  for  the  tran- 
sient and  spatial  distributions  of  the  important 
trace  species,  using  a comprehensive  chemical 
system. 

Any  model  which  is  ultimately  to  be  used  to 
model  the  effect  of  SST  pollutants  on  the 
distribution  of  trace  species  in  the  atmosphere 
must  initially  be  able  to  reproduce  the  “natural” 
atmosphere  reasonably  well,  especially  in  the 
regions  in  which  the  effect  of  the  pollutants  is 
likely  to  be  significant.  It  is  evident  that  any  such 
model  of  the  atmosphere  has  to  be  verified  by 
comparing  the  numerical  results  with  available 
experimental  data  for  the  trace  species  of 
interest.  These  comparisons  should  include  de- 
tailed examination  of  the  meridional  distribution 
of  ozone,  together  with  the  meridional  variation 
of  the  total  ozone  column.  This  is  necessary 
because  the  total  ozone  column  can  be  in 
reasonable  agreement  with  the  observed  data 
even  when  the  detailed  meridional  distributions 
are  not. 

Recently,  more  detailed  information  has 
become  available  which  can  be  used  to  improve 
the  transport  data  necessary  for  this  type  of 
model.  Some  preliminary  calculations  using  these 
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transport  data  together  with  simplified  chemical 
systems  (Chapman  cycle  including  the  N0X 
effect)  were  reported  by  Widhopf  and  Taylor 
(1974)  from  an  initial  study  evaluating  the 
adequacy  of  this  type  of  model.  The  results 
presented  in  this  paper  are  a continuation  of  this 
previous  study,  using  a more  complete  O-H-N 
chemical  system.  Since  the  comparison  of  calcu- 
lated distributions  with  observed  distributions 
for  trace  species  other  than  ozone  is  a more 
stringent  test  of  the  model,  these  types  of 
comparisons  are  also  discussed  in  this  paper.  The 
results  of  these  specific  calculations  and  the  asso- 
ciated comparisons  with  observed  data  are  dis- 
cussed in  the  first  part,  and  the  model  is  briefly 
described.  Some  calculations  of  the  perturbed 
atmosphere  resulting  from  the  deposition  of 
pollutants  from  a hypothetical  fleet  of  SST’s  are 
also  presented.  A description  of  some  inert  tracer 
studies  which  were  performed  to  further  evaluate 
the  transport  data  used  in  the  model  are  pre- 
sented in  the  second  part  of  this  paper.  Both  of 
these  studies  are  preludes  to  the  running  of  a 
time-dependent  calculation  of  the  distribution  of 
trace  species  in  the  atmosphere  throughout  the 
complete  cycle  of  seasons. 

GOVERNING  EQUATIONS 


+ Wj  + Sj  (i  = 1,2 NI) 

where  Yj  is  the  mass  mixing  ratio,  Pj/p,  of  the  i,h 
chemical  species;  p is  the  local  mean  atmospheric 
density;  t is  the  temporal  variable;  r = z + Re, 
where  Re  is  the  mean  radius  of  the  earth  and  z is 
the  altitude  measured  from  and  normal  to  the 
earth’s  surface;  0 is  the  latitude;  is  the 
photochemical  rate  of  production/depletion  of 
the  i,h  species;  and  Sj  is  the  local  source/sink 
effect.  The  components  of  the  tensor,  ka(J, 
represent  the  diffusion  coefficients  in  the  respec- 
tive directions  arising  from  large-scale  eddy 
motions,  while  v and  w are  the  components  of 
the  mean  circulation  in  the  meridional  and 
vertical  directions,  respectively.  This  equation  is 
solved  for  each  of  the  trace  species  considered. 

PART  I;  STRATOSPHERIC 

PHOTOCHEMICAL  MODEL 


The  governing  species-conservation  equation 
is  derived  following  the  general  procedure  out- 
lined by  Reed  and  German  (1965)  for  repre- 
senting the  turbulent  transport  flux  due  to 
large-scale  eddies.  In  the  meridional  plane  this 
equation,  written  in  terms  of  the  mass  mixing 
ratio,  Yj,  is  of  the  form 

dYj  dYj  pv  3Yj 

"IT  + PW17  + r 


.ill  . Ill 

r 90  rk*'  9/f 

* i {? 


(i) 


Chemical  Model 

The  chemical  system  which  is  considered  in 
this  investigation  includes  the  following  species: 
0(*D),  0(3P),  02,  03,  NO,  n2o,  no2,  OH, 
H20,  H02,  H202,  HN03,  N,  H,  N2,  and  CH4. 
The  distributions  of  H20  and  CH4  are  fixed  in 
time  as  interpreted  from  the  studies  of  Masten- 
brook  (1971),  Ashby  et  al.  (1972)  and  Ehhalt 
and  Heidt  (1973).  The  specific  reaction  system 
and  the  associated  reaction-rate  coefficients  used 
in  this  investigation  are  tabulated  in  Table  1.  This 
O-H-N  chemical  system  is  essentially  the  one 
recommended  by  the  CIAP  chemical  panel 
(Johnston,  1974),  as  outlined  in  the  first  and 
third  volumes  of  the  Climatic  Impact  Assessment 
Program  monograph  series  (1975).  The  rates  are 
those  recommended  in  the  Survey  of  Reaction 
Rate  Data , edited  by  Garvin  and  Hampson 
(1974). 

The  local  photodissociation  rates  are  calcu- 
lated using  the  solar-flux  data  compiled  by 
Ackerman  (1971).  The  absorption  cross-sections 
for  02  in  the  Schumann-Runge  bands  are  taken 
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Table  1.  Chemical  Reactions  and  Rate  Coefficients 


1. 

CX3P)  + 03  - 202 

1.9C10)-11  exp(-2300/T) 

2. 

02  + hi/  - 20(3P) 

J2 

3. 

03  + hi/  — 0(3P)  + 02 

h 

4. 

N02  + hi/  - 0(3P)  + NO 

5. 

CX3P)  + 02  + M - 03  + M 

1.07(10)"34  exp(510/T) 

6. 

0(3P)  + N02  - 02  + NO 

9.1(10)>2 

7. 

03  + NO  - 02  + N02 

9(10)'3exp(-1200/T) 

8. 

03  + N02  - 202  + NO 

1.23(10)'* 3 exp(-2470/T) 

9. 

03  + OH  - 02  + H02 

1.6(10)'* 2 exp(-1000/T) 

10. 

NO  + H02  - OH  + N02 

2.3(10)-' 3 

11. 

0(3P)  + H20  - OH  + OH 

0.0 

12. 

OH  + N02  + M - HNOa  + M 

8.5(10)'* 3 exp(360/T)  + {( 

13. 

HN03  + hi/  - OH  + N02 

J13 

14. 

H02  + 03  - OH  + 02  + 02 

1(10)'* 3 exp(-1250/T) 

15. 

H02  + 0(3P)  - OH  + 02 

1(10)'" 

16. 

OH  + H02  - H20  + 02 

2(10)'*° 

17. 

OH  + HN03  - H20  + N02  + 0(3P) 

1.3(10)'* 3 

18. 

H202  + hi-  - OH  + OH 

J18 

19. 

h2o2  + oh  - h2o  + ho2 

1.7(10)-*'  exp(-910/T) 

20. 

ho2  + ho2  - h2o2  + o2 

3(10)'"  exp(-500/T) 

21. 

03  + hi/  — 02  + 0(  D) 

■*21 

22. 

0('D)  + M - M + 0(3P) 

5.9(10)'" 

23. 

N20  + hi/  - Nj  + Of'D) 

J23 

24. 

n2o  + o(’d)  - n2  + o2 

1.1(10)-*° 

25. 

NjO  + Of'D)  - NO  + NO 

1.1(10)'*° 

26. 

NO  + hi-  — N + 0(3P) 

J26 

27. 

n + o2  - NO  + <X3P) 

1.1(10)-'4T  exp(-3150/T) 

28. 

N + NO  - N2  + 0(3P) 

2.7(10)" 

29. 

N + N02  - NO  + NO 

6(10)-' 2 

30. 

N2  + 0('  D)  + M - N20  + M 

2.8(10)-36 

31. 

N02  + N - NjO  + 0(3P) 

9(10)' 2 

32. 

0('D)+H20  - OH  + OH 

3.5(10)'° 

33. 

0('D)  + CH4  - OH  + CH3 

4.0(10)'° 

34. 

OH  + 0(3P)  — 02  + H 

4.2(10)" 

35. 

h + o2  + m - ho2  + m 

2.08(10)"32  exp(290/T) 

36. 

H + 03  - OH  + 02 

2.6(10)" 

37. 

NO  + 0(3P)  + M - NOj  + M 

3.96(  10)"33  exp(940/T) 

38. 

OH  + OH  - H20  + 0(3P) 

1(10)  " exp(-550/T) 

39. 

N + Oj  - NO  + 02 

5.7(10)' 3 

•Fit  of  Tsang's  data,  Prinn  et  aL  (1974) 
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from  the  tabulated  values  of  Hudson  and  Mahle 
(1972),  while  the  cross-sections  for  the  Herzberg 
continuum  are  obtained  from  data  compiled  by 
Ackerman  (1971).  The  quantum  yields  in  the 
wavelength  regime  near  310  nm  were  obtained 
from  the  data  of  Lin  and  DeMore  (1973). 

The  cross-sections  for  03  in  the  Hartley, 
Huggins,  and  Chappuis  bands  are  from  the  data 
compiled  by  Ackerman  (1971),  while  the  photo- 
dissociation cross-sections  for  N02  were  taken 
from  Johnston  et  al.  (1973).  The  quantum  yields 
for  the  photodissociation  of  N02  were  obtained 
from  Garvin  and  Hampson  (1973).  The  photo- 
dissociation cross-sections  and  quantum  yields 
for  HN03  are  those  reported  by  Johnston  and 
Graham  (1972).  The  corresponding  data  for 
H202  were  obtained  from  the  work  of  Schurgers 
and  Welge  (1968)  and  Urey  et  al.  (1929), 
whereas  the  data  for  NO  were  obtained  from 
Strobel  (1971).  The  N20  photodissociation 
cross-sections  were  interpreted  from  the  measure- 
ments of  Romand  and  Mayence  (1949). 

Using  these  sets  of  data,  the  photodissoci- 
ation rates  are  calculated  throughout  the 
computational  field  at  every  time  step  in  order  to 
ensure  proper  coupling  of  the  photochemistry 
and  the  dynamics. 

Boundary  Conditions, 

The  computational  domain  considered  in 
this  particular  aspect  of  the  investigation  extends 
from  the  North  to  the  South  Pole,  with  a 
ten-degree  meridional  resolution,  and  from 
10  km  to  50  km,  with  a vertical  resolution  of 
Az  = 2 up  to  16  km,  Az  = 1 from  16  to  35  km, 
and  Az  = 2.5  from  35  km  to  the  upper  boundary. 
At  the  polar  regions,  a zero  latitudinal  flux  is 
assumed. 

A fixed  ozone  concentration  was  imposed  at 
the  lower  boundary  with  values  obtained  from 
the  meridional  distributions  compiled  by  Dutsch 
(1971)  and  Hering  and  Borden  (1964a,b,  1965, 
1967),  as  summarized  in  the  data  compilation  of 
Wu  (1973).  The  concentration  of  N20  at  the 
lower  boundary  was  prescribed  as  an  average 
value  interpreted  from  the  tropospheric  measure- 
ments of  Schiitz  et  al.  (1970)  and  Goldman  et  al. 
( 1 973),  while  the  mass  mixing  ratio  of  HN03  at 
this  boundary  was  interpreted  from  the  measure- 
ments of  Lazrus  and  Gandrud  (1974).  NO  and 
N02  mass  mixing  ratios  were  specified  at  the 


lower  boundary  as  interpreted  from  one- 
dimensional-model  results,  while  the  species 
0(3P),  CK'D),  OH,  H02  H202,  N,  and  H were 
taken  to  be  in  photochemical  equilibrium  at  the 
lower  boundary. 

0(3P),  0( 1 D),  03,  OH,  H02,  H202,  N,  and 
H were  assumed  to  be  in  photochemical  equilib- 
rium at  the  upper  boundary,  while  the  mass 
mixing  ratios  of  N02,  N20,  and  HN03  were 
analytically  continued  to  the  upper  boundary  by 
a second-order  extrapolation  in  space  and  time 
described  in  Widhopf  (1974)  and  Widhopf  and 
Taylor  (1974).  This  extrapolation  allows  the  use 
of  centered  spatial  differencing  at  this  boundary 
while  also  eliminating  the  necessity  for  specifying 
a boundary  condition  for  these  species  at  this 
location.  It  is  an  accurate  and  stable  method 
of  evaluating  conditions  at  computational 
boundaries  (Victoria  and  Widhopf,  1972)  when 
the  physical  mechanisms  interior  to  the  computa- 
tional domain  govern  the  boundary  value.  This  is 
the  case  for  N20,  N02,  and  HN03  which  are 
being  transported  up  into  the  higher  regions  of 
the  stratosphere. 

Transport  Data 

As  sta  ed  in  the  Introduction,  the  meridional 
distributions  of  temperature,  density,  mean 
meridional  circulation,  and  the  components  of 
the  turbulent-diffusivity  tensor  are  specified 
functions  of  time  and  space.  Details  about  the 
structure  of  the  stratosphere  are  difficult  to 
obtain,  due  to  the  scarcity  of  experimental  data. 
The  data  that  are  available  do  not  completely 
encompass  the  entire  region  of  the  atmosphere 
which  is  of  interest,  and  knowledge  of  the 
large-scale  temporal  variations  is  also  incomplete. 
Thus,  the  accuracy  of  the  parameterization  is 
directly  dependent  upon  the  availability  and 
reliability  of  observational  data.  The  data  used  in 
this  study  are  believed  to  be  both  the  most 
recent  and  the  most  reliable  presently  available. 

The  meridional  distributions  of  both  the 
mean  density  and  temperature  were  specified 
using  the  data  obtained  from  ten  years  of 
observations  which  were  analyzed  and  compiled 
by  Louis  (1973).  These  averaged  dat:i  are  speci- 
fied from  the  surface  to  68  kilome'ers  for  the 
entire  meridional  plane  for  each  of  the  four 
yearly  seasons. 

Luther  (1973a)  has  recently  analyzed  the 
heat-transfer,  temperature,  and  wind-variance 
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data  of  Oort  and  Rasmusson  (1971),  using  the 
procedure  outlined  by  Reed  and  German  (1965) 
for  defining  the  components  of  the  anisotropic 
turbulent-eddy-diffusivity  tensor.  The  three  com- 
ponents, k^,  k^,  and  kzz,  are  specified  for 

the  northern  hemisphere  from  the  surface  to  60 
kilometers.  Values  for  the  components  of  the 
diffusivity  tensor  in  regions  where  observational 
data  were  not  available  were  obtained  by  Luther 
(1973a,b)  by  extrapolation,  using  the  results  of 
Wofsy  and  McElroy  (1973)  and  Newell  et  al. 
(1966).  These  coefficients  are  specified  for  each 
month,  as  well  as  seasonally,  and  were  used  to 
parameterize  the  components  of  the  turbulent- 
diffusivity  tensor.  The  values  for  the  southern 
hemisphere  were  obtained  by  using  the  northern- 
hemisphere  values  of  six  months  later. 

The  mean  meridional  circulation  was  ob- 
tained from  the  work  of  Louis  et  al.  (1974),  who 
calculated  the  circulation  patterns  by  solving  the 
continuity  and  energy  equations  using  compiled 
observations  of  the  local  meridional  temperature 
distributions  and  heat-transfer  rates.  These  are 
the  same  data  sources  used  to  define  the  thermal 
structure  of  the  atmosphere,  as  previously  dis- 
cussed. The  circulation  patterns  are  specified  for 
the  entire  meridional  plane  for  each  season  from 
the  surface  to  50  kilometers.  In  order  to  ensure 
that  total  mass  conservation  would  be  satisfied, 
the  vertical  wind  component  obtained  by  Louis 
was  used  as  specified  and  the  meridional  com- 
ponent calculated  from  the  global  continuity 
equation.  Small  differences  (a  few  percent  except 
near  the  poles)  were  noted  between  the  respec- 
tive values  obtained  for  the  meridional  com- 
ponent; they  result  mainly  from  the  different 
numerical  methods  used  in  each  solution. 

Numerical  Scheme 

An  accurate  (second-order  in  space  and 
time)  time-dependent  numerical  finite-difference 
scheme  developed  by  Widhopf  and  Victoria 
(1973),  which  efficiently  overcomes  the  “stiff’ 
nature  of  the  chemical  system,  is  used  to  solve 
the  governing  individual-species  conservation 
equations.  Details  of  the  scheme  as  applied  to 
this  problem  are  discussed  in  Widhopf  (1974) 
and  Widhopf  and  Taylor  (1974). 

Discussion  of  Results 

Computations  of  the  distributions  of  atmo- 
spheric trace  species  were  carried  out  for  the 
entire  meridional  plane  during  northern- 


hemisphere  autumn.  The  local  photodissociation 
rates  were  computed  by  using  an  average  local 
daylight  zenith  angle  and  weighting  this  resultant 
local  rate  with  respect  to  the  local  daylight  ratio. 
The  calculations  were  relaxed  in  time  until  a 
steady-state  distribution  was  obtained.  It  must  be 
remembered  that  in  the  troposphere  the  time 
scale  for  changes  in  the  background  hydro- 
dynamic  structure  of  the  atmosphere  is  much 
shorter  than  the  local  chemical  relaxation  time, 
so  a steady-state  assumption  is  not  a good 
approximation  in  this  region.  Therefore,  the 
lower  boundary  for  these  particular  com- 
putations was  selected  to  be  above  the  surface, 
but  away  from  the  region  of  primary  interest.* 
No  modifications  were  made  to  the  param- 
eterized data  as  they  were  prescribed  by  the 
respective  data  sources  except,  as  noted,  to 
assure  overall  mass  conservation. 

The  meridional  distribution  of  the  total 
ozone  column  in  Dobson  units  (lO^cm,  stp)  is 
presented  in  Figure  1 for  the  fall  season  in  the 
northern  hemisphere  (October).  Here  the  compu- 
tation is  compared  to  the  data  of  Sticksel  (1970) 
(southern  hemisphere)  and  London  (1963) 
(northern  hemisphere)  which  are  averaged  for  the 
fall  season.  Additional  data  of  Gebhart  et  al. 
(1970),  which  represent  average  values  for  the 
month  of  October  for  the  entire  meridional 
plane,  are  included  in  the  figure  for  comparison. 

*A  calculation  was  performed  subsequent  to  the  CIAP  4 
conference  for  this  same  case  but  with  the  lower 
boundary  at  the  surface.  A comparison  of  the  results 
of  the  two  methods  for  the  natural  atmosphere  shows 
a maximum  difference  of  10%  in  the  species  concentra- 
tions above  18  km,  and  in  most  cases  much  less. 
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Figure  1.  Comparison  of  the  calculated  and  ob- 
served latitudinal  variations  of  the  total 
ozone  column. 
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Since  the  data  represent  the  entire  ozone 
column,  whereas  the  computations  were  carried 
out  for  the  altitude  regime  of  10  to  50  km, 
inclusive,  the  ozone  column  reported  by  Gebhart 
et  al.  (1970)  for  the  0-15  km  altitude  regime  was 
added  to  the  computed  results  for  the  1 5-50  km 
region.  As  can  be  seen  in  Figure  1,  between  60°S 
and  90°  N latitude  the  computed  latitudinal 
variation  of  the  total  ozone  column  is  in  good 
agreement  with  observations,  both  in  magnitude 
and  in  the  shape  of  the  distribution. 

The  calculated  meridional  variation  of  the 
ozone  concentration  is  in  relatively  good  agree- 
ment with  compiled  ozone  observations.  This  is 
exemplified  in  Figure  2 which  depicts,  at  selected 
latitudes,  vertical  ozone  profiles  compared  with 
corresponding  ozone  measurements  of  Hering 
and  Borden  (1964a,b,  1965,  1967),  as  sum- 
marized in  the  data  compilation  of  Wu  (1973) 
the  northern  hemisphere  and  the  data  of  Dutsch 
(1971)  in  the  southern  hemisphere.  The  indi- 
vidual rocket  measurements  of  Krueger  (1973) 
are  depicted  at  the  higher  altitudes.  Relatively 
good  agreement  with  data  is  obtained  at  each 
latitude  shown  except  that,  in  general,  the 
calculated  results  tend  to  underpredict  the  mag- 
nitude of  the  ozone  peak.* 

Comparisons  of  the  calculated  distributions 
of  N20,  N02,  NO,  and  HN03  with  the  limited 
number  of  available  measurements  of  these 
species  show  relatively  good  agreement  with  the 
data.**  Specifically,  a comparison  of  the  calcu- 
lated distributions  of  N20  at  30°N  and  30°S 
latitude  with  various  measurements  is  given  in 
Figure  3.  Here  the  30°N  profile  should  be 
compared  with  the  measurements  of  Ehhalt  et  al. 


‘Subsequent  calculations  (surface  to  50  km)  per- 
formed after  this  meeting  for  these  same  conditions  ' 
show  that  the  manner  of  the  evaluation  of  the 
photodissociation  rate  accounts  for  the  difference 
between  the  computational  results  and  the  measure- 
ments. A complete  24-hour-average  evaluation  of  the 
photodissociation  rate,  rather  than  the  evaluation  at 
an  average  daylight  zenith  angle  used  here,  yields 
ozone  profiles  in  excellent  agreement  with  observa- 
tions, filling  in  the  profiles  depicted  in  Figure  2.  The 
corresponding  changes  for  N20  are  insignificant  and 
the  resulting  profiles  for  NOj,  NO  and  HNOj  are  in 
relatively  good  agreement  with  available  measure- 
ments. This  will  be  discussed  in  detail  in  subsequent 
reports  of  the  results  of  the  complete  annual- 
solar-cycle  calculation. 

“A  much  more  detailed  comparison  of  the  calculated 
results  and  available  measurements  is  found  in 
Widhopf  (1974).  Calculated  meridional  distributions 
of  these  species  are  also  included  therein. 
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Figure  2.  Comparison  of  the  calculated  and 
observed  vertical  profiles  of  ozone  at 
selected  latitudes. 

(1974)  which  were  made  at  32°N  latitude  during 
September.  The  agreement  is  very  good  up  to 
30  km,  whereas  above  40  km  the  30°S  latitude 
distribution  agrees  much  better  with  the  data. 
However,  it  should  be  pointed  out  that  the  data 
above  40  km  are  represented  by  only  two  data 
points  which  have  rather  large  error  bands.  The 

O O EHHALT,  otol  <19741  [32* N.  Sopt] 

— FARMER,  4tal  (19741  [43-Sl'N,  Juno-Noy] 

HARRIES,  Mol  119741  [65-70'N,  May] 
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Figure  3.  Comparison  of  the  calculated  NjO  dis- 
tributions with  available  measurements. 
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meridional  distribution  of  the  mass  mixing  ratio 
of  N20  is  shown  in  Figure  4;  a significant 
latitudinal  variation  can  be  observed,  especially 
at  high  altitudes. 


SEASON:  FALL  IN  NORTHERN  HEMISPHERE 
IMS  MOM  UTD  OF  NjO  - pptaR 
wruiui  tTMomoc 


Figure  4.  Meridional  distribution  of  NjO  mass  mix- 
ing ratio. 

The  calculated  distributions  of  N02  at  30°N 
and  40°N  latitude  are  in  general  agreement  with 
the  measurements  of  Ackerman  and  Muller 
(1972,  1973),  Murcray  et  al.  (1974),  and 
Fontanella  et  al.  (1974)  made  between  33°N  and 
51°N.  The  computed  distribution  of  NO  at  40°N 
latitude  is  in  relatively  good  agreement  with  the 
data  of  Ackerman  et  al.  (1973)  above  25  km. 

Figure  5 shows  comparisons  of  profiles  of 
the  mass  mixing  ratio  of  HN03  at  various 
latitudes  with  the  measurements  of  Lazrus  and 
Gandrud  (1974).  These  measurements  were  made 
in  both  hemispheres  during  the  spring  season;  for 
comparison,  calculated  profiles  in  both 
hemispheres  have  been  plotted.  The  computed 
profiles  at  30°  north  and  south  latitude  for  the 
fall  season  are  in  good  overall  agreement  with  the 
corresponding  measurements  for  the  spring 
season  in  the  opposite  hemisphere.  Similar  com- 
parisons are  shown  for  10°  and  60°  latitude, 
where  reasonable  agreement  is  observed  for  the 
altitude  and  magnitude  of  the  peak  value.  The 
measurements  of  Murcray  et  al.  (1973)  are 
generally  of  greater  magnitude  than  the  measure- 
ments of  Lazrus  and  Gandrud  (1974)  and  are  not 
shown.  The  meridional  distribution  of  the  mass 
mixing  ratio  of  HNOj,  shown  in  Figure  6,  ex- 
hibits a significant  meridional  variation. 
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Figure  5.  Comparison  of  the  calculated  HN03  distri- 
butions with  the  measurements  of  Lazrus 
and  Gandrud  (1974). 
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Figure  6.  Meridional  distribution  of  HN03  mass 
mixing  ratio  for  the  “natural”  atmosphere 
and  with  1 .65(10)  ’ 2 grams  of  NOj 
injected  per  year. 

The  meridional  variation  of  the  mass  mixing 
ratio  of  NOx  (NO  + N02)  is  shown  in  Figure  7. 
High  levels  of  NOx  are  seen  to  be  concentrated 
above  the  tropical  regions.  The  corresponding 
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latitudinal  variation  of  OH  is  very  slight  except  in 
the  region  near  the  North  Pole,  which  is  in  a 
polar  nighttime  condition  where  OH  tends  to 
disappear. 
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Figure  7.  Meridional  distribution  of  NOx  mass  mix- 
ing ratio  for  the  “natural”  atmosphere  and 
with  1.65(  10)  * 2 grams  of  N02  injected 
per  year. 

On  the  basis  of  these  results,  the  model 
appears  to  adequately  predict  the  meridional 
distribution  of  ozone  as  well  as  the  relative 
distributions  of  other  important  trace  species.  In 
order  to  make  an  initial  assessment  of  the  effect 
of  the  deposition  of  SST  pollutants  on  the 
chemical  structure  of  the  atmosphere,  a set  of 
calculations,  in  which  a hypothetical  amount  of 
pollutants  was  injected  into  the  atmosphere,  was 
performed  for  this  same  season.  For  these  calcu- 
lations, a North  Atlantic  flight  corridor  was 
assumed  to  be  centered  at  50°N  latitude  at  an 
altitude  of  20  km.  N02  was  injected  at  this 
spatial  location  at  the  rates  of  1.65(10)12*  and 
0.275(10)12  grams  per  year.  Another  calculation 
was  performed  for  an  injection  rate  of 
I.65(10)1 2 grams  per  year,  where  the  corridor 
was  assumed  to  be  centered  at  an  altitude  of 
17  km.  These  calculations  were  run  until  an 
equilibrium  situation  was  attained.  In  this  regard, 
the  “natural”  atmospheric  calculation,  as  well  as 
the  perturbed  cases,  was  run  for  a “real”  time  of 
7.5  years. 

•The  meridional  variations  are  very  similar  in  shape  to 
those  calculated  by  Widhopf  and  Taylor  (1974)  for  a 
simple  Chapman-NOx  chemical  system. 


The  latitudinal  variations  of  the  subsequent 
ozone-column  depletion  for  these  “perturbed” 
atmospheres  are  shown  in  Figure  8.*  Here,  it 
should  be  emphasized  that  this  is  the  ozone 
depletion  calculated  for  the  altitude  regime  of  10 
to  50  km,  and  that  the  percentage  of  depletion  is 
calculated  on  the  basis  of  the  corresponding 
calculated  value  for  the  “natural”  atmospheric 
case  for  this  altitude  regime.  This  procedure  does 
increase  the  effect  of  the  NOx  in  the  polar 
regions,  since  the  calculated  ozone  concentra- 
tion for  the  “natural”  atmosphere  is  low  in 
this  region.  Also  shown  in  this  figure  are  the 
global  average  decreases  of  the  ozone  column, 
which  are  14.7  and  3.2%  for  the  two  20-km- 
injection  cases,  and  9.8%  for  the  1 7-km-injection 
simulation.  These  values  are  higher  than  corre- 
sponding values  obtained  from  one-dimensional 
models  (see  Chang  and  Johnston  (1974)  and 
Chang  (1974)  for  a compilation  of  these  model 
results);  this  is  probably  mostly  a result  of  the 
models’  different  stratospheric  residence  times. 
The  corresponding  global  average  increases  in 
NOx  column  for  these  cases  are  82.2,  12.1  and 
65.0%,  respectively.  When  these  values  are  com- 
pared with  a correlation  of  various  one-dimen- 
sional-model decreases  in  ozone  column  with  the 
corresponding  increases  in  NOx  column,  com- 
piled by  Chang  and  Johnston,  the  values  agree 
very  well,  falling  on  or  near  the  center  line  of 
the  correlation.  This  indicates  that  the  various 

•Value  recommended  by  DOT  on  the  basis  of  John- 
ston’s (1971)  estimates  of  the  magnitude  of  future  SST 
fleet  NOx  injection  rates. 
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Figure  8.  Latitudinal  variation  of  the  reduction  of 
the  ozone  column  (10  < z < 50  km)  for 
various  North  Atlantic  SST  corridor 
calculations. 
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chemical  models  yield  the  same  relative  changes 
in  global  ozone  concentration  with  respect  to 
global  changes  in  NOx  concentration.  However, 
it  should  be  noted  that  the  ozone-column  deple- 
tion for  the  17-km-injection  case  is  approxi- 
mately one-third  less  than  that  obtained  for  the 
same  injection  rate  at  20  km,  being  nearly  invari- 
ant with  latitude.  A decrease  of  one-half  is  ob- 
tained from  one-dimensional  models,  the  differ- 
ence probably  being  a result  of  the  respective 
model  stratospheric  vertical-diffusion  time  scales. 

It  should  be  pointed  out  that  in  the  one- 
dimensional-model situation  the  injected  pollu- 
tant is  assumed  to  be  uniformly  distributed  in  a 
1-km-thick  global  shell,  whereas  in  this  two- 
dimensional-model simulation  the  global  amount 
is  injected  in  a specified  flight  corridor.  Thus, 
even  though  the  pollutants  were  injected  in  the 
mid-latitude  North  Atlantic  flight  corridor,  the 
effect  in  the  southern  hemisphere  is  still  signifi- 
cant. However,  on  the  average,  it  is  lower  than 
the  corresponding  effect  in  the  northern  hemi- 
sphere by  a factor  of  approximately  3.3. 

The  larger  effect  in  the  northern  hemisphere 
is  obviously  due  largely  to  the  location  of  the 
flight  corridor,  and  the  larger  percentage  decrease 
in  the  northern  polar  region  is  due  to  blockage 
by  these  pollutants.  (However,  it  is  also  a result 
of  the  fact  that  the  ozone  column  for  the 
unperturbed  state  is  lower  in  this  region.)  Since 
most  of  the  ozone  is  produced  near  the  equa- 
torial region  and  is  then  transported  to  the  higher 
latitudes,  the  deposition  of  the  SST  pollutants  in 
this  North  Atlantic  corridor  has  effectively 
blocked  this  transport  of  ozone,  resulting  in  a 
high  percentage  decrease  of  the  ozone  column 
near  the  northern  polar  region. 

In  order  to  find  the  effect  of  initially 
uniformly  distributing  the  SST  effluents,  as 
assumed  in  the  one-dimensional  models,  a calcu- 
lation was  performed  for  a uniform  volumetric 
injection  rate  from  pole  to  pole  at  an  altitude  of 
20  km.  Here,  of  course,  the  total  amount  of 
pollutants  injected  into  the  atmosphere  per  unit 
of  time  is  the  same  as  in  the  corresponding  North- 
Atlantic-corridor  simulation  previously  described 
(1.65(10)12  grams  N02  per  year).  The  resultant 
latitudinal  depletion  of  the  total  ozone  column  is 
shown  in  Figure  9.  The  latitudinal  variation  is 
quite  different  in  this  case,  being  similar  in  shape 
to  the  natural  latitudinal  variation  in  the  ozone 
column.  The  global  average  is  also  less  than  for 


the  corresponding  North- Atlan tic-corridor  case, 
yielding  a 12.6%  decrease  of  ozone  for  a cor- 
responding increase  in  NOx  of  63.3%.  Thus,  the 
mode  of  injection  affects  not  only  the  distribu- 
tion, but  the  global-average  effect  on  the  atmo- 
sphere. This  is  a result  of  the  strong  meridional 
variation  of  the  various  important  trace  species 
(as  shown  in  Figures  2,  4,  6,  and  7)  which 
control  the  atmospheric  chemistry,  and  the 
meridional  variation  of  the  atmospheric  trans- 
ports which  result  in  a variation  of  stratospheric 
residence  times.  Thus,  a North-Atlantic-corridor 
calculation  slightly  overpredicts  the  global  effect, 
since  in  reality  not  all  traffic  will  be  in  this 
specified  corridor.  However,  the  maximum  varia- 
tion of  the  global  average  between  these  two 
simplified  calculations  is  approximately  14%  of 
the  corresponding  corridor  result.  At  specific 
latitudes,  the  effect  is  much  larger.  Therefore, 
the  effect  of  the  meridional  variation  of  the 
mode  of  deposition  of  SST  effluents  should  be 
investigated  further. 
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Figure  9.  Latitudinal  variation  of  the  reduction  of 
the  ozone  column  (10  < z < 50  km)  for 
uniform  volumetric  deposition  of  SST 
pollutants. 

When  the  meridional  variations  in  ozone 
reduction  for  the  corridor  simulations  were 
normalized  with  respect  to  their  corresponding 
global  averages,  the  resulting  distributions  were 
essentially  reduced  to  a single  curve,  demon- 
strating that  the  nonlinear  chemical  effect  for 
different  injection  rates  is  not  very  significant  so 
long  as  the  mode  of  injection  is  similar. 

It  is  interesting  to  examine  the  changes  in 
the  meridional  distributions  of  various  trace 
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species  due  to  the  deposition  of  SST  pollutants. 
Superimposed  on  the  calculated  “natural”  atmo- 
spheric meridional  distributions  of  HN03  and 
NOx,  shown  in  Figures  7 and  6 respectively,  are 
the  equilibrium  distributions  calculated  for  the 
case  in  which  1.65(10) 12  grams  of  N02  are 
injected  in  the  North  Atlantic  flight  corridor 
centered  at  50°N  and  20  km. 

It  can  be  seen  that  the  level  of  HN03  has 
risen  considerably  in  the  northern  hemisphere  in 
the  region  of  the  flight  corridor,  and  its  peak 
value  has  increased  by  approximately  a factor  of 
two.  The  same  general  distribution  pattern  of 
HNO3  is  noted  in  the  northern  mid-altitude 
regime,  except  that  the  levels  have  increased 
considerably.  Corresponding  large  changes  are 
noted  for  NOx  (similar  results  are  true  for  N02), 
the  largest  of  which  occurs  in  the  general  region 
of  the  corridor  and  toward  the  high  northern 
latitudes.  The  peak  values  of  both  of  these 
constituents  have  moved  northward,  away  from 
the  equator  and  toward  the  flight  corridor,  as  a 
result  of  the  deposition  of  N02 . Corresponding 
changes  of  OH  and  N20  were  found  to  be 
insignificant.  The  major  reduction  in  the  ozone 
concentration  occurs  in  the  region  near  the  point 
of  injection;  the  reduction  can  be  perceived  up  to 
an  altitude  of  45  km  in  the  high  northern 
latitudes. 

Conclusions 

A time-dependent  meridional  photochemical 
model  of  the  atmosphere  has  been  developed 
which  considers  a comprehensive  chemical 
system.  Steady-state  calculations  were  carried 
out  for  the  “natural”  atmosphere  during 
northern-hemisphere  autumn.  Comparisons  of 
these  results  with  available  measurements  of  03, 
N20,  N02,  NO,  and  HN03  show  good  agree- 
ment with  the  data.  The  meridional  variation  of 
the  total  ozone  column  is  also  in  good  agreement 
with  the  observed  distribution.  These  compari- 
sons show  that  the  model  adequately  predicts  the 
“natural”  chemical  state  of  the  stratosphere. 
Initial  estimates  of  the  effect  of  the  pollutants 
deposited  in  the  stratosphere  by  a hypothetical 
fleet  of  SST’s  flying  in  a North  Atlantic  corridor 
show  it  to  be  significant:  a 14.7%  average  global 
ozone  depletion  for  a deposition  rate  of 
1. 65(10)* 2 grams  of  N02  per  year  in  a corridor 
centered  at  20  km  and  50°N.  Deposition  at  an 
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altitude  of  17  km  shows  a similar  effect,  except 
that  its  magnitude  is  approximately  two-thirds  of 
that  for  20- km  injection.  Even  though  the  total 
quantity  of  pollutants  was  injected  in  a specified 
North  Atlantic  corridor,  a measurable  effect  was 
calculated  in  the  southern  hemisphere.  The  lati- 
tudinal variation  of  the  effect  of  these  pollutants 
on  the  ozone  column  is  significant,  and  the 
volume-averaged  hemispheric  ratio  is  approxi- 
mately a factor  of  3.3.  The  spatial  location  of  the 
initial  deposition  of  the  pollutants  has  been 
shown  to  affect  not  only  the  latitudinal  variation 
of  the  resultant  ozone  depletion,  but  the  global 
average  as  well. 

It  should  be  emphasized  that  these  calcula- 
tions are  initial  estimates  which  will  be  refined 
when  the  complete  time-dependent  annual  model 
is  fully  developed.  The  inert  tracer  studies 
discussed  in  Part  II  of  this  paper  are  an  indepen- 
dent evaluation  of  the  adequacy  of  the  transport 
data  to  be  used  in  the  computation  of  the 
distribution  of  the  trace  species  throughout  the 
complete  annual  cycle  of  the  seasons. 

PART  II:  INITIAL  RADIOACTIVE-TRACER 
DISPERSION  RESULTS 


In  order  to  have  an  independent  test  of  the 
atmospheric-transport  data  used  in  the  model, 
computations  of  the  dispersion  of  inert  tracers  in 
the  atmosphere  were  performed  and  the  results 
compared  with  observations.  As  stated  above, 
these  tests  are  necessary  for  determining  the 
adequacy  of  the  time-dependent  transport  data 
which  are  to  be  used  in  a complete  yearly  sea- 
sonal calculation  of  the  distribution  of  trace 
species  in  the  atmosphere.  For  these  inert-tracer 
computations,  the  measured  distribution  of  the 
radioactive  nuclear  debris,  which  resulted  from 
past  nuclear-weapon  testing,  was  utilized  as  an 
initial  condition.  The  time-dependent  model 
described  in  Part  I (without  the  chemistry)  was 
utilized  to  compute  the  global  atmospheric  dis- 
persion of  these  tracers,  with  the  transport  data 
fitted  with  a periodic  function  in  order  to 
allow  a continuous  variation  throughout  the 
year.  The  procedure  used  to  specify  the  transport 
data  ensured  mass  conservation  at  every  compu- 
tation point  throughout  the  year.  (Here  it  should 
be  emphasized  that  these  numerical  experiments 
are  independent  tests  of  the  transport  data,  since 
the  transports  were  originally  obtained  from 
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atmospheric  observations  of  temperature,  heat- 
transfer  rates,  and  local  wind  variances.) 

The  initial  numerical  experiment  was  per- 
formed for  radioactive  tungsten-185  which  was 
injected  into  the  lower  stratosphere  at  approxi- 
mately 11°N  latitude  and  18  km  altitude  as  a 
result  of  some  nuclear  testing  (Hardtack  Test 
Series)  in  the  summer  of  1958.  The  first  detailed 
set  of  measurements  of  the  distribution  of 
tungsten- 185  was  made  in  September-October 
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1958,  so  these  measurements  were  used  as  initial 
conditions  for  the  present  calculations.  Compari- 
sons of  the  computational  results  and  the  obser- 
vations are  shown  in  Figure  10,  where  the 
meridional  contours  of  the  tracer  concentration 
are  shown  in  units  of  disintegrations  per  min- 
ute/standard cubic  foot,  corrected  for  radioactive 
decay  to  15  August  1958.  In  this  calculation,  a 
rainout  lower-boundary  condition  was  utilized  in 
order  to  simulate  the  effect  of  rain-scavenging  of 
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Figure  10.  Comparison  of  the  calculated  and  observed  mean  distributions  of  tungsten- 185. 
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debris  in  the  real  atmosphere.  A 0.5-km  vertical 
and  5°  latitudinal  resolution  was  used  in  the 
computation. 

As  can  be  seen  from  these  contours,  the 
calculation  of  the  relative  dispersion  of  this  inert 
tracer  agrees  reasonably  well  with  the  available 
data,  especially  in  the  decay  of  the  equatorial 
maximum  and  the  evolution  of  the  mid-latitude 
secondary  maximum.  The  relative  time  variation 
of  the  concentration  of  tungsten-185  is  seen  to 
be  fairly  well  reproduced  by  the  model.  In  all  of 
these  comparisons,  it  should  be  remembered 
that  the  accuracy  of  the  data  is  not  very  good, 
due  to  the  distribution,  frequency,  and  methods 
of  measurements,  and  that  these  distributions  are 
an  interpretation  of  the  specific  local  measure- 
ments reported  by  Friend  et  al.  (1961).  However, 
the  global  trends  should  be  relatively  correct.  A 
plot  of  the  decay  of  the  equatorial  maximum 
with  time  is  shown  in  Figure  11.  Here  the 
bimonthly  average  values  of  the  measured  con- 
centrations are  indicated,  along  with  the  number 
of  the  individual  measurements  comprising  each 
data  point.  The  calculated  values  are  seen  to  be 
in  good  agreement  with  the  data.  Plotted  as  well 
are  the  results  of  Gudiksen  et  al.  (1968),  who 
also  investigated  the  stratospheric  dispersion  of 
tungsten- 185  using  a parameterized  two-dimen- 
sional transport  model.  Gudiksen  et  al.  (1968) 
had  to  modify  the  transport  coefficients  of  Reed 
and  German  (1965)  in  an  arbitrary  manner  in 
order  to  make  their  calculation  agree  with  this 
set  of  data.  Their  modification  was  successful  in 
predicting  the  decay  of  the  equatorial  maximum; 
however,  it  was  not  at  all  successful  in  predicting 
the  observed  secondary  maximum  in  the  mid- 
northern  latitudes.  The  present  calculation,  how- 
ever, does  predict  the  observed  secondary 
maximum  reasonably  well.  (It  should  be  reiter- 
ated here  that  in  the  calculations  reported  herein 
no  arbitrary  modifications  were  made  to  the 
prescribed  transport  data  as  obtained  from  the 
sources  described  in  Part  I.) 

As  an  additional  comparison  with  observed 
data,  the  rise  of  the  equatorial  maximum  with 
time  is  shown  in  Figure  12.  The  same  type  of 
bimonthly  information  is  shown  in  this  figure, 
where  the  present  calculation  shows  an  initial 
fast  rise  and  then  a leveling  off  at  a constant 
altitude,  as  do  the  observations.  The  calculations 
of  Gudiksen  et  al.  (1968)  indicate  a constant  rise 
with  time.  It  should  be  noted  that  the  highest 
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Figure  11.  Comparison  of  the  calculated  and  ob- 
served decreases  of  the  equatorial  peak 
concentration  of  tungsten-185  with  time. 

altitude  at  which  measurements  were  made  was 
approximately  21.5  km.  This  fact  somewhat 
limits  the  interpretation  of  this  aspect  of  the 
data;  however,  the  present  calculations  do  indi- 
cate that  the  height  of  maximum  concentration 
levels  off  with  time,  a trend  which  is  also 
indicated  by  the  measurements. 
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Figure  12.  Comparison  of  the  calculated  and  ob- 
served altitudes  of  the  equatorial  peak 
concentration. 

These  comparisons  indicate  that  the  trans- 
port data  used  in  this  study  are  indeed  indicative 
of  the  actual  average  transport  of  the  atmo- 
sphere. To  examine  this  question  further,  an 
additional  investigation  was  pursued  with  respect 
to  the  dispersion  of  radioactive  carbon- 14. 

For  these  computations,  the  distributions 
Interpreted  by  Johnston  et  al.  of  the  carbon-14 
data  presented  by  Telegadas  (1971)  and  Tele- 
gadas  et  al.  (1972)  were  used  for  comparison  and 
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initial  conditions.  The  calculation  was  started  at 
April  1963,  using  the  data  described  in  these 
documents  to  prescribe  the  distribution  of 
carbon- 14  in  the  entire  meridional  plane.  The 
lower  regions  of  the  troposphere  were  taken  to 
be  fully  mixed  at  latitudinal  values  indicated  by 
the  measurements.  A constant  mass  mixing 
ratio  of  1.35  (10)' 16  was  interpreted  from  the 
measurements  near  the  surface,  and  was  pre- 
scribed as  the  lower  boundary  condition  at  the 
surface.  An  upper  boundary  condition  of  zero 
concentration  was  assumed  at  50  km.  The  inte- 
gration was  carried  out  for  seven  complete  yearly 
seasonal  cycles;  some  of  the  results  at  30°N  are 
shown  in  Figure  13.  Here  the  results  are  com- 
pared with  the  profiles  interpreted  by  Johnston 
et  al.,  and  also  with  the  measurements  made  at 
this  latitude  for  the  time  period  of  April  1963  to 
January  1966.  Reasonable  agreement  between 
the  calculated  results  and  the  measured  distribu- 
tion can  be  seen.  Additional  comparisons  for 
January  1965  at  a number  of  latitudes  are  shown 
in  Figure  14.  The-  initial  condition  for  this 
particular  calculation  was  the  measured  distribu- 
tion in  January  1964.  As  in  the  previous  case.it 
should  be  pointed  out  that  due  to  the  distribu- 
tion, frequency,  and  method  of  measurement,  as 
well  as  the  interpretation  of  distributions 
between  the  isolated  measurements,  the  accuracy 
of  the  data  is  not  expected  to  be  particularly 
good.  The  calculation  seems  to  overpredict 
the  downward  vertical  transport  below  ap- 
proximately 20  km,  resulting  in  an  under- 
prediction of  tiic  peak  values  with  time.  How- 
ever, due  to  the  questionable  accuracy  of  the 
data,  it  is  difficult  to  fully  evaluate  how  seri- 
ous this  situation  may  be.  In  order  to  approxi- 
mate the  error  in  the  vertical  transport,  the 
data  were  assumed  to  be  accurate  and  the 
vertical  diffusion  coefficient,  kzz,  was  altered 
to  bring  the  calculation  into  agreement  with  the 
data.  Decreasing  kzz  by  approximately  35%  at 
20  km  and  below,  and  decreasing  this  alteration 
by  successive  5%  increments  every  kilometer 
above  20  km  up  to  27  km,  brought  the  calcula- 
tion into  very  good  agreement  with  the  data. 
This  gives  an  indication  of  the  approximate  mean 
accuracy  of  the  vertical  transport.  Thus,  the 
estimates  of  the  potential  ozone  reductions  by 
SST  NOx  emissions  presented  in  Part  I are  fairly 
reasonable  on  the  whole.  Much  more  comprehen- 
sive studies  are  examining  the  transport  data,  the 


question  of  particulate  versus  gaseous  debris  dis- 
persion, and  the  coordination  of  the  calculations 
of  the  dispersion  of  tungsten- 185  and  carbon- 14 
with  the  calculation  of  the  annual  variation  of  the 
distribution  of  trace  species  in  the  atmosphere. 

0»CN  trWBOL!  iNTKPDCTCO  DATA  AT  J0*N  j 

lOAID  maOLI  MCAIUDCUCHT1  AT  10' N | J0*#l»T«.  « * 1,741 
AAttCNT  UOOCL 


Figure  13.  Comparison  of  the  calculated  and  ob- 
served distributions  of  carbon-14  at  30°N. 


Figure  14.  Comparison  of  the  calculated  and  ob- 
served distributions  of  carbon-14  at  vari- 
ous latitudes. 


These  results  do  indicate  that  the  model 
transport  data  are  reasonable  representations  of 
the  mean  atmospheric  transport.  Therefore,  work 
is  now  in  progress  to  compute  the  distribution  of 
the  trace  species  in  the  atmosphere  continuously 
throughout  the  entire  seasonal  cycle,  using  the 
coupled  photochemical  model  previously  de- 
scribed in  Part  1.  The  results  of  all  of  these  com- 
putations will  be  used  to  evaluate  the  currently 
prescribed  transport,  and  if  any  modifications 
are  deemed  necessary  after  all  of  the  results 
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have  been  examined,  they  will  be  implemented 
only  in  a manner  consistent  with  the  distribu- 
tions of  these  inert  tracers  and  of  trace  species  in 
the  atmosphere. 
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The  Report  of  Findings  of  the  Climatic  Impact 
Assessment  Program  (Grobecker  et  al.,  1974,  Figure  14) 
and  the  Proceedings  of  the  Third  Conference  on  the 
Climatic  Impact  Assessment  Program  (Chang  and  Johns- 
ton, 1975,  Figure  1;  Chang,  1974,  Figure  5)  reported 
values  of  ozone  depletion  attributed  to  various  investi- 
gators, including  the  authors  of  this  paper.  Points 
designated  “7”  in  the  first  two  figures  and  designated  by 
a solid  triangle  in  the  third  represented  ozone  depletion 
values  supposedly  characteristic  of  our  models  (e.g., 
Whitten  et  al.,  1974). 

In  fact,  these  points  do  not  represent  our  results. 
The  results  of  our  calculations  are  higher  than  those 
shown  and  actually  lie  just  below  the  values  calculated 
by  Chang  (1974)  with  his  own  model  and  diffusivity 
profile.  In  particular,  we  calculate  a 4%  ozone  reduction 
for  a global  NOx  emission  rate  of  1.5  NO12  gm/yr 
injected  at  20  km,  instead  of  the  2.5%  reduction 
attributed  to  us  in  Figure  5 of  Chang  (1974).  Similarly, 
the  points  shown  in  Figure  14  of  Grobecker  et  al. 
(1974)  attributed  to  us  are  also  too  low.  The  reason  for 
this  discrepancy  is  believed  to  be  the  use  by  Chang 
(1974)  and  Chang  and  Johnston  (1974)  of  an  eddy- 
diffusion  profile  mentioned  in  some  of  our  recent 
papers  (Whitten  and  Turco,  1974a,  b,  and  Whitten  et  al., 
1974),  but  not  actually  used  by  us  to  calculate  ozone 
depletions.  The  eddy  profile  that  we  used  in  our 
computations  is  shown  in  our  Figure  1 as  profile  B. 
Chang  (1974)  assumed  that  we  had  used  profile  A.  This 
mistake  led  to  the  anomalously  low  values  of  residence 
time  and  ozone  depletion  attributed  to  us.  Our  results 
are  actually  close  to  Chang’s  (1974)  results.  We  should 
also  like  to  note  that  if  we  use  the  Wofsy-McElroy 
(1973)  eddy-diffusivity  profile,  we  obtain  results  consis- 
tent with  Chang’s  computations  with  the  Wofsy- 
McElroy  profile. 
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Figure  1.  Eddy  diffusivity  profiles.  A - Whitten  and 
Turco  (1974a,b),  high.  The  upper  portion 
of  this  profile  was  suggested  by  Zimmer- 
man (1974).  It  was  extended  down  into 
the  stratosphere  by  following  the  general 
shape  of  profile  B and  joining  it  to  the 
tropospheric  value  of  4 x 104  cm  sec'1  at 
10  km  altitude.  B - Whitten  and  Turco 
(1974a, b),  low.  This  profile  was  suggested 
by  Hays  and  Olivero  (1970),  and  is  brack- 
eted by  those  suggested  by  Brasseur  and 
Nicolet  (1973). 
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DISCUSSION 

(UNIDENTIFIED):  How  do  you  make  sure  that  all 
chlorofluorocarbon  sinks  have  been  accounted  for? 

ROWLAND:  You  can  look  for  overt  sinks,  like  reactions 
of  hydroxyl  radicals,  effects  in  biological  systems, 
dissolving  in  the  ocean,  et  cetera;  all  of  these  seem  to  be 
negligible.  You  can  look  for  undetected  sinks  by  the 
rate  of  disappearance  of  atmospheric  fluorocarbons.  If 
you  compare  Ray  McCarthy’s  best  estimates  of  how 
much  Freon-11  has  been  produced  with  Lovelock’s  and 
Wilkniss’s  measurements  of  how  much  is  in  the  atmo- 
sphere, within  the  accuracy  of  the  measurement,  you 
find  that  all  the  Freon-1 1 that  has  been  produced  is  still 
in  the  atmosphere.  There  has  been  a doubling  time  of 
about  six  years  in  the  production  of  Freon-1 1;  half  of  it 
has  been  produced  in  the  last  six  years,  and  three- 
quarters  of  it  in  the  last  twelve  years.  What  kind  of 
lower  limit  does  that  put  on  the  lifetime  of  Freon-1 1? 
Stretching  the  errors  as  far  as  I can  I get  20  years  as  the 
minimum  lifetime,  but  it  is  more  likely  at  least  30  years. 
Almost  everything  reacts  faster  with  Freon- 1 1 than  with 
Freon-12,  so  Freon-12  must  have  an  even  longer 
lifetime.  In  sum,  there  is  no  evidence,  overt  or  indirect, 
that  Freon-1 1 and  Freon-12  are  going  away. 

(UNIDENTIFIED):  Bob  Watson  has  measured  the  reac- 
tion rate  of  hydroxyl  with  methyl  chloride,  and  he  has 
calculated  an  approximate  lifetime  for  it  of  less  than  a 
year. 

ROWLAND:  Lovelock  measured  methylchloroform 
(1,1,1-trichloroethane)  concentrations  in  Western 
Ireland  and  Capetown  - as  a matter  of  fact,  the 
“Capetown  Station”  is  Jim  Lovelock  sitting  on  a cliff. 
You  can  compare  the  relative  amounts  of  methylchloro- 
form in  the  northern  and  southern  hemispheres.  At  the 
same  time  he  measured  Freon- 1 1,  and  you  can  use  that 
to  calibrate  the  interhemispheric  mixing.  If  you  do,  you 
get  a lifetime  in  the  atmosphere  for  methylchloroform 
of  about  two  years.  The  same  calculation  for  trichloro- 
ethylene gives  you  a lifetime  of  a few  months.  I think 


this  means  that  almost  all  carbon-hydrogen  compounds 
have  lifetimes  of,  at  the  most,  several  years;  those 
molecules  that  have  carbon-carbon  double  bonds  have 
lifetimes  of  less  than  a yea: . 

(UNIDENTIFIED):  Has  anyone  considered  attack  by 
electrons  as  a tropospheric  sink  for  fluorocarbons? 

ROWLAND:  Lovelock  was  able  to  detect  such  small 
amounts  of  Freon- 11  just  because  it  has  a very  high 
electron-attachment  cross-section.  (He  uses  an  electron- 
capture  detector.)  For  molecules  which  have  about  the 
same  electron-attachment  cross-section  as  Freon-1 1,  you 
know  that  their  lifetime  with  respect  to  that  process  is 
at  least  20,  25,  or  30  years.  Carbon  tetrachloride  has  an 
even  higher  electron-attachment  cross-section,  but  is  still 
very  long-lived.  So,  although  the  electron-attack  sink  is  a 
good  hypothesis,  the  persistence  of  CC14  probably 
proves  that  there  is  less  than  one  electron  per  cubic 
centimeter  in  the  troposphere. 

CRUTZEN:  I would  like  to  show  you  the  results  of 
some  calculations  which  Ivar  lsaksen,  George  Reid,  and 
I have  performed,  estimating  the  production  of  nitrogen 
oxides  during  certain  solar  proton  events.  (Here  Dr. 
Crutzen  gave  a Drief  summary  of  "Solar  Proton  Events: 
Stratospheric  Sources  of  Nitric  Oxide”,  by  Crutzen, 
lsaksen,  and  Reid,  which  subsequently  appeared  in 
Science,  Vol.  189,  pp.  457-459  (1975).  He  emphasized 
the  importance  of  comparing  nitrogen  oxide  production 
by  such  events  with  ozone  observation  records.] 

UNIDENTIFIED:  I would  like  to  know  how  significant 
the  cosmic-ray  sources  of  odd  nitrogen  in  the  strato- 
sphere are. 

HARD:  Ruderman  and  Chamberlain  have  offered  a 
causal  mechanism  to  explain  the  observed  correlation 
of  total  ozone  at  high-latitude  stations  with  the  solar 
cycle.  The  solar  wind  modulates  cosmic-ray  penetration 
into  the  atmosphere  at  high  latitudes,  and  the  resulting 
modulation  in  the  production  of  nitric  oxide  in  the 
polar  stratosphere  may  account  for  a small  periodic 
variation  in  ozone.  1 don’t  know  the  magnitude  of  their 
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estimate.  Dr.  Nicolet’s  paper  today  was  the  first  attempt 
to  provide  an  essential  link  in  this  causal  mechanism. 
Ruderman  and  Chamberlain  have  also  suggested  that 
this  natural  experiment  might  calibrate  the  response 
of  the  stratosphere  to  artificial  injections  of  nitrogen 
oxides. 


SCHAINKER:  Two  comments.  First,  agreement  of 
some  of  these  1 -D  models  with  measured  data  is  not  suf- 
ficient reason  to  stop  looking  for  other  mechanisms. 
Second,  the  sensitivity  of  a model's  output  to  the 
uncertainty  in  one  of  its  input  data  can  be  much  larger 
or  much  smaller  than  that  uncertainty. 
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ABSTRACT:  The  cooling  effects  of  stratospheric  dust,  and  response  times  for  the  resulting 
hemispheric  mean  temperature  changes,  are  estimated  using  an  empirical  approach  and  a simple 
time-dependent  formulation.  The  approach  couples  estimates  of  stratospheric  dust  injections  by 
volcanic  eruptions  to  an  available  record  of  mean-temperature  anomalies.  The  time  period  examined  is 
1883-1968.  The  effort  is  exploratory;  nevertheless,  the  results  strongly  suggest  that  large  volcanic 
eruptions  do  lead  to  short-term  climatic  cooling  effects  that,  with  frequent  eruptions,  would  tend  to 
be  cumulative.  The  many  uncertainties  are  noted,  as  are  difficulties  introduced  by  apparent  underlying 
temperature  trends.  The  cooling  coefficients  and  response  times  found  are  compared  to  values 
developed  elsewhere.  The  apparent  climatic  significance  of  stratospheric  dust,  and  the  fact  that 
clima[ic  changes  involve  integrals  over  time,  suggest  that  long-term  records  of  stratospheric  dust,  as 
well  as  other  climate-determining  factors,  should  be  developed  and  maintained. 


INTRODUCTION 

In  this  paper,  a simple,  empirically  cali- 
brated, time-dependent  formulation  is  used  to 
estimate  the  effects  of  stratospheric  dust  on 
hemispheric  mean  temperatures.  The  formulation 
utilizes  a “cooling  coefficient”  per  unit  mass  of 
stratospheric  dust  that  applies  to  a “steady-state” 
change  - in  a time  frame  of  years  to  decades*  — 
but  which  is  developed  from  the  dynamic 
changes  that  occur  following  large  volcanic  erup- 
tions. The  temperature  changes  are  obtained 
from  an  available  record  of  mean  temperature 
anomalies  over  the  period  1883-1968.  The  cool- 
ing effect  of  an  eruption  depends  on  the  response 
time  of  the  ocean-land  surface-atmosphere 
system;  thus,  a lumped  response  time  is  also 
developed  empirically.  The  results  so  obtained 
are  compared  to  theoretical  results  reported  or 
developed  elsewhere  (Hidalgo,  1974;  Budyko, 
1974b).  Because  of  the  uncertainties  involved, 
this  paper  is  exploratory  in  nature;  however,  it  is 
believed  that  the  method  should  be  sufficiently 
sensitive  to  show  up  any  serious  inconsistencies 
between  theory  and  available  data. 


•Possible  very  long-term  effects,  such  as  the  postulated 
ice-albedo  feedback  effect  (which  may  require 
thousands  of  years  to  be  significant  (Budyko,  1974a)) 
are  not  included.  Climate  undoubtedly  responds  on  a 
variety  of  time  scales. 


Many  previous  investigators  have  considered 
the  question  of  cooling  effects  of  volcanic  dust, 
as  evidenced  by  the  climatic  record,  generally 
considering  each  eruption  independently,  but 
apparently  without  reaching  an  established  con- 
sensus (see,  e.g.,  Arakawa  et  al.,  1955;  Mitchell, 
1961,  1971;  Humphreys,  1964;  Reitan,  1971; 
Budyko,  1974b;  Landsberg  and  Albert,  1974; 
Bauer  and  Oliver,  1975).  Budyko  (1974b)  has 
also  considered  briefly  the  averaged  effects  of 
frequent  volcanic  activity,  arguing  that  the  vol- 
canically active  period  1883-1912  was  cooler 
than  the  subsequent  similar  period  because  of 
greater  stratospheric  dust.  In  addition,  very 
recent  data  from  deep-sea  drilling  sections 
(Kennett  and  Thunnel,  1975)  suggest  a correla- 
tion between  strong  volcanic  activity  and  ice 
ages,  tending  to  confirm  speculations  often  made 
in  the  past. 

The  approach  used  here  differs  from  that 
used  in  prior  studies;  it  is  described  in  detail 
following  a discussion  of  the  climatic  and  vol- 
canic records.  In  essence,  however,  it  is  a 
time-integrated  approach,  in  which  it  is  assumed 
that  volcanic  eruptions  are  a major  factor  in 
short-term  climate  change,  and  that  such  erup- 
tions provide  valuable,  if  unfortunately  not 
completely  satisfactory,  indications  of  the 
dynamics  of  climatic  temperature  changes.  Other 
possible  causes  of  climatic  change  are  discussed 
briefly,  but  are  not  treated  quantitatively. 
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THE  CLIMATIC  AND  VOLCANIC 
RECORDS 

A Northern  Hemisphere  yearly  mean-annual- 
temperature-anomaly  record  over  the  period 
1880-1968  is  shown  in  Figure  1,  along  with  a 
record  of  major  volcanic  events;  a more  detailed 
listing  of  volcanic  events  is  given  in  Table  1.  The 
temperature-anomaly  curve  is  from  a tabulation 
by  Budyko  (1969),  updated  by  T.  Asakura*  in 
1974,  and  provided  in  digital  form  by  Mitchell 
(1974).  The  validity  of  this  temperature-anomaly 
curve  has  been  questioned  (Landsberg,  1975), 
but  here,  with  minor  exception,  it  is  accepted 
without  further  examination. 

The  volcanic  data  are  from  several  sources, 
but  are  based  largely  on  the  tabulation  published 
by  Mitchell  (1970);  however,  Mitchell’s  dust- 
mass  estimates  have  generally  been  adjusted 
downward  by  a factor  of  two,  on  the  basis  of 
independent  estimates  for  several  of  the  events 
(Deirmendjian,  1972;  Junge,  1974),  and  have 
been  further  adjusted  for  the  latitude  of  the 
event,  as  discussed  below.  The  volcanic-dust  data 
are  discussed  briefly  in  Appendix  A.  In  general, 
the  well-known  dust-veil-index  (D.V.I.)  concept 
of  Lamb  was  not  utilized  in  the  tabulation  in 
view  of  its  incorporation  of  time,  dust  quantity, 


and  area  factors  (as  well  as,  in  certain  circum- 
stances, resultant  climate  change);  for  the  pur- 
poses here,  dust  quantities  were  of  primary 
interest.  The  uncertainties  in  the  volcanic  dust 
numbers  are  large:  a factor  of  two  or  more. 
Furthermore,  the  listing  may  well  be  incomplete; 
the  comprehensive  work  by  Macdonald  (1972) 
suggests  additional,  possibly  important,  events, 
but  no  estimates  of  stratospheric  dust  injections 
are  provided. 

The  latitude,  strength,  and  probably  season 
of  an  eruption  can  all  be  expected  to  play  a role 
in  determining  the  effect  of  the  eruption  on  the 
mean  annual  hemispheric  temperature  anomaly. 
Dust  in  the  polar  night,  for  example,  would  be 
expected  to  have  an  effect  on  the  radiation 
balance  quite  different  from  that  of  dust  in  the 
tropics.  The  physical  phenomena  involved  are  far 
beyond  the  scope  of  this  paper.  Nevertheless, 
two  corrections  for  latitude  effects  were  felt  to 
be  necessary  and  were  utilized.  These  related  to 
(l)the  fraction  of  total  dust  reaching  the 
Northern  Hemisphere,  and  (2)  the  time  delay 
between  the  event  and  its  impact  on  the 
Northern  Hemisphere  mean-annual-temperature 
anomaly.  The  assumptions  made  are  shown  in 
Table  2. 

‘Japan  Meteorological  Agency  (unpublished  results). 
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Table  1.  Estimates  of  Stratospheric  Dust  Injections  from  Volcanic  Eruptions 


Megatons  Assigned 

Assigned 

Lamb  (1970) 

in 

Year 

Class. 

Deirmen- 

Total 

D.V.I. 

Northern  Hemisphere 

N.H. 

I06  Tons 

djian. 

Sapper's 

Dust, 

Northern 

Climate 

Year 

Cruption 

Latitude 

(Mitchell) 

1970« 1 > 

cu«<2> 

km3 

Hemisphere 

Lvent 

Year's  Total 

Affected 

1883 

Krakatoa 

6°S 

100 

30 

1 

6.0 

1000 

25 

25 

1884 

1885 

l alcon  Island 

20°  S 

| 

_ 

2 (?) 

- 

>00 

0.1 

0.1 

1886 

1886 

Tarawera 

38.5°  S 

10 

_ 

I 

1.5 

(400)<3> 

0.5 

1886 

Niafu 

16“S 

1 

- 

2 

- 

100 

0.2 

0.7 

1887 

1888 

Bandai  San 

38°  N 

10 

- 

1 

3.0 

(250) 

5 

5.0 

1888 

1888 

Ritter  Island 

5.5°S 

10 

- 

1 

1.7 

(125) 

2.5 

2.5 

1889 

1890 

Bogoslov 

54°  N 

1 

_ 

- 

- 

(50) 

0.5 

0.5 

1890 

IS92 

Awu 

3.5“  N 

10 

- 

- 

- 

(100)<3) 

2.5 

2.5 

1892 

1898 

Una  Una 

9°S 

1 

_ 

3 

- 

70 

0.3 

0.3 

1899 

1902 

Mont  Pelee 

I5°N 

10 

- 

2 

- 

( 100)<3> 

3.8 

1902 

Soufriere 

13.5“N 

10 

- 

1 

1.0 

(300)<3> 

3.8 

1902 

Santa  Maria 

14.5°N 

20(4) 

( 

is  4 

(6Q0)l3 ) 

7.5 

15.1 

1902 

1903 

Santa  Maria 

I4.5“N 

20(4) 

( 

r 

7.5 

7.5 

1903 

1904 

Minami  Iwoshima 

24°  N 

2 (?) 

30 

0.3 

0.3 

1904 

1907 

Shtyubelya  Sopka 

52“  N 

10 

1 

3 

150 

5 

5.0 

1907 

1911 

Taal 

I4'N 

1 

2 

- 

15 

0.4 

0.4 

1911 

1912 

Katmai 

58“  N 

10 

13.4 

1 

(0.006-21) 

150 

13 

13 

1912 

1914 

Sakurashima 

31.5“N 

1 

2 

0.5 

20 

0.5 

0.5 

1914 

1929 

Asama 

36.5°  N 

0.1 

0.1 

4 

0.1 

0.1 

1929 

1931 

Klyuchev 

56“  N 

0.1 

- 

0.1 

2 

0.1 

0.1 

1931 

1947 

Hekla 

64“  N 

10 

- 

0.18 

(20) 

5 

5 

1947 

1951 

Ml.  Lamington 

9S 

- 

- 

- 

10 

0.5 

0.5 

1952 

1953 

Ml.  Spurr 

61°N 

10 

- 

- 

- 

2 

5 

5 

1953 

1956 

Bezymyannaya 

56“  N 

10 

- 

1.0 

(10) 

5 

5 

1956 

1963- 

1965 

Surtsey 

63°  N 

1 

- 

- 

0.7 

15 

0.5 

0.5 

1963 

1963 

Agung 

8.5“  S 

30 

9 

- 

_ 

400 

5 

5 

1964 

1966 

Awu 

3.5°  N 

10 

- 

- 

• 3 

150-200 

2.5 

2.5 

1966 

1968 

1 ernandina 

0.5“S 

10 

- 

1-2  (?) 

50-100 

2.5 

2.5 

1969 

^Assumes  dust  in  stratosphere  at  density  of  1 .0  gm/cc. 

^Sapper’s  scale  for  explosive  eruptions.  Magnitude  1 * >109  m3  ejected.  Magnitude  2 3 108-109,  etc.  Only  explosive  eruptions  are  considered  here.  Source:  Lamb.  1970. 
D)\Vorld  value.  No  Northern  Hemisphere  value  given. 

^Timing  split  according  to  Mitchell  1 19741 


Table  2.  Assumed  Latitudinal  Effects 


Eruption 

Latitude 

Northern 

Hemisphere 

Dust 

Fraction 

Year 

Affecting 

Northern 

Hemisphere 

Mean 

Temperature 

90°  N-20°N 

1.0 

Same 

20°N-10°N 

0.75 

Same 

10°N-  0° 

0.5 

Same 

0°  -10°S 

0.5 

1 year  later 

10°S-20°S 

0.33 

1 year  later 

20°S-40°S 

0.1 

1 year  later 

40°S-90°S 

Ignore 

1 


These  assumptions  should  be  examined,  and 
the  use  of  a finer  time  resolution  considered,  in 
more  detailed  work. 

Several  points  should  be  noted  from  Figure 
1 and  Table  1 : 

• The  quantity  of  the  dust  injected  from 
major  volcanic  eruptions  is  indeed  very 
great.  The  1883  Krakatoa  eruption,  for 
example,  apparently  put  50  to  100 


million  tons  of  dust  into  the  global 
stratosphere;  for  the  purposes  here,  an 
initial  Northern  Hemisphere  value  of  25 
million  tons  is  assigned  (see  Appendix 
A).  The  effects,  which  were  noted  essen- 
tially worldwide,  lasted  for  several 
years.  Losses  in  direct  solar  beam  of  20 
to  30%  were  noted,  although  about  85% 
of  this  (Budyko,  1974b;  Herman,  1974) 
was  regained  due  to  an  increase  in  scat- 
tered light.  This  event  was  extensively 
studied  at  the  time  and  is  described  in 
detail  by  various  authors  (Lamb,  1970; 
Deirmendjian,  1972). 

• A short  cooling  wave  apparently  fol- 
lowed the  Krakatoa  eruption  and  several 
of  the  later  eruptions.  Other  fluctua- 
tions, however,  showed  no  evident  rela- 
tion to  volcanic  events. 

• The  overall  climatic  trend  from  the 
1880s  to  the  1930s  was  one  of  warming. 
Furthermore,  this  warming  trend 
apparently  took  place  even  in  the  early 
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part  of  this  period,  a time  during  which 
a number  of  major  eruptions  occurred. 

• A period  of  several  decades  existed 
(about  1915-1945)  in  which  volcanic 
activity  was  unusually  light  and,  as 
mentioned  earlier,  the  temperatures 
were  higher  than  during  the  preceding 
or,  in  fact,  the  subsequent  (current) 
period. 

Volcanic  eruptions  and  dust  in  the  strato- 
sphere can,  or  could,  affect  climate  in  a variety 
of  possible  ways,  including  alteration  of  plan- 
etary albedo,  heating  of  the  stratosphere  by 
absorption  of  solar  radiation  (with  alteration  of 
the  radiation  balance),  changes  in  cloud  nuclei 
(Wexler,  1951),  and  changes  in  snow  albedo  due 
to  deposition  of  tropospheric  dust  (Landsberg, 
1970).  Volcanoes  put  a variety  of  materials  into 
the  stratosphere,  e.g.,  mineral  dust,  water,  C02, 
HO,  and  S02,  any  of  which  could  contribute  to 
climatic  change.  The  S02,  however,  on  conver- 
sion to  sulfuric  acid,  is  believed  to  be  the  most 
important  component  in  a climatic  sense.*  These 
are  all  complex  effects;  the  goal  here  is  to 
estimate  empirically  the  net  effect.  In  doing  so,  it 
is  necessary  to  at  least  mention  other  possible 
causes  of  climatic  effects,  as  follows. 

Numerous  possible  causes  of  climate  change 
have  been  discussed  in  the  literature,  including 
both  anthropogenic  and  natural  factors.  Two 
principal  anthropogenic  sources  are  often  con- 
sidered: changes  in  atmospheric  carbon  dioxide 
and  changes  in  tropospheric  dust.  These  and 
other  factors,  such  as  changes  in  stratospheric 
water  vapor,  changes  in  ozone,  changes  in  solar 
constant,  changes  in  sun  spots,  and  changes  in 
orbital  parameters  have  been  reviewed  by  various 
authors  (e.g.,  Mitchell,  1961,  1970,  1975; 
Reitan,  1971;  Dyer,  1974;  Lamb,  1972;  Bryson, 
1974).  The  possible  effects  due  to  changes  in 
carbon  dioxide  are  perhaps  most  readily  subject 
to  analysis,  for  good  data  do  exist  on  atmo- 
spheric C02  and  its  increase  over  recent  decades. 

*Friend  (1972)  gives  an  “average”  analysis  for  volcanic 
gases  of  95%  HjO,  4%  C02,  and  1%  SOj  by  volume 
for  a mass  ratio  of  H2O/SO2  of  53  to  1.  In  C1AP 
studies  (Hidalgo,  1974),  it  has  been  found  that  the 
effect  of  water  vapor  is  roughly  equal  to  (about 
one-half  as  great  as)  the  effect  of  SO  2 (and  of  opposite 
sign)  at  a mass  ratio  of  1250  to  1.  Thus,  the  SO2  and 
other  dust  quantities  should  generate  the  dominant 
effect. 


Thus,  according  to  Reitan  (1971),  on  the  basis  of 
a calculation  by  Manabe  and  Wetherald  (1967), 
the  increase  in  C02  between  the  1880’s  and  the 
1960’s  could  have  caused  an  increase  of  0.3°C. 
Unfortunately,  however,  such  computations  are 
based  on  an  assumption  of  constant  cloudiness, 
and  possible  changes  in  cloud  cover  are  exceed- 
ingly important.  Manabe  and  Wetherald  (1967) 
show,  for  example,  that  a 1%  increase  in  low 
cloudiness  would  cause  an  0.8°C  decrease  in 
mean  temperature;  thus,  a 0.3°C  warming  could 
be  compensated  for  by  a change  of  about  0.4%  in 
low  cloudiness.  A change  of  only  0.4%  in  low 
cloudiness  would  obviously  be  exceedingly  diffi- 
cult to  detect.  The  influence,  or  even  the  sign,  of 
other  possibly  significant  factors,  such  as  tropo- 
spheric dust,  is  less  easy  to  establish  than  that 
of  C02,  and  might  well  compensate  for  C02 
changes.  In  view  of  these  many  uncertainties,  no 
attempt  is  made  here  to  correct  for  these  other 
factors.  In  any  event,  Mitchell  (1975)  concluded 
that  neither  tropospheric  particulates  nor  atmo- 
spheric C02,  in  concert  or  separately,  could  have 
accounted  for  the  major  part  of  the  observed 
temperature  changes  in  the  past  century. 

THE  APPROACH 

Development 

The  approach  was  developed  following  a 
suggestion  by  Budyko  (1974b)  to  the  effect  that 
the  earth’s  surface  temperature  may  respond  to 
perturbations  in  a simple  fashion,  according  to 

= -X(T  - Tr)  . (1) 

For  the  purposes  at  hand,  T is  used  to  represent 
mean  temperature  and,  in  fact,  in  view  of  data 
availability  (as  will  be  discussed  further),  mean 
annual  temperature  in  the  Northern  Hemisphere, 
at  time  t;  X is  a climatic  response  constant  (yr1 ), 
and  Tr  is  the  reference  or  equilibrium  mean 
temperature  towards  which  the  mean  tempera- 
ture T is  “moving”. 

For  conditions  following  a volcanic  erup- 
tion, Tr  clearly  varies  with  time.  To  account  for 
this,  it  is  assumed  that 

TR=T0-aM(t),  (2) 
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where  T0  is  an  (unknown)  equilibrium  mean 
temperature  in  the  long-term  absence  of  strato- 
spheric dust,  a is  a cooling  coefficient  (here  in 
°C/million  tons  of  dust),  and  M(t)  is  the  mass  of 
dust  as  a function  of  time.* 

As  Eq.  (2)  is  written,  T0  is  implied  to  be  a 
constant.  In  fact,  T0  will  certainly  vary  with 
time,  because  of  C02  and  other  factors  unrelated 
to  volcanic  eruption  change.  Since  the  manner  in 
which  T0  has  varied  with  time  is  unknown,  it  is 
necessary  to  make  either  arbitrary  assumptions  as 
to  the  functional  relationship  of  T0  with  time,  or 
limiting  assumptions;  one  arbitrary  relationship  is 
included  briefly  in  Appendix  B,  but  the  remain- 
der of  this  paper  involves  two  limiting 
assumptions: 

1.  T0  is  constant  over  a 10-  or  20-year 
period  and  is  estimable  from  the  mean 
temperature  existing  after  5 or  10  years 
of  light  volcanic  activity. 

2.  T0  is  constant  over  an  80-  to  100-year 
period  and  is  estimable  from  the  mean 
temperatures  prevailing  after  several 
decades  of  very  light  activity. 

The  first  assumption  gives  small  values  for 
the  cooling  coefficient  and  *he  response  time, 
and  the  second  assumption  gives  higher  values  for 
both.  Presumably,  “true”  values  would  be 
between  these  limiting  values,  but  this  cannot  be 
proven  to  be  the  case,  because  of  the  many 
variables  that  could  affect  climate. 

The  first  assumption  is  used  in  exploring  two 
periods  near  the  turn  of  the  century;  the  second 
is  used  for  the  full  period  (1883-1968).  In  effect, 
the  second  assumption  implies  either  that  the 
lower  temperatures  prevailing  prior  to  1883  were 
due  to  previous  volcanic  activity,*  or  that  an 
underlying,  fairly  rapid  warming  trend  began 
about  1883,  with  the  increase  in  measured 

*In  principle,  of  course,  if  data  on  CO2,  HjO,  tropo- 
spheric dust,  cloudiness,  etc.,  over  the  course  of  time 
were  available,  and  cooling  or  warming  factors  were 
known  for  each  one,  their  effects  in  the  treatment 
could  be  included. 

•For  example.  Lamb  (1972)  lists  an  eruption  of  Ghaie 
(4°S,  152° E)  in  1878  with  a possible  D.V.I.  25% 
greater  than  that  of  Krakatoa.  It  is  doubtful,  however, 
that  volcanic  eruptions  were  of  sufficient  frequency  or 
magnitude  to  depress  mean  temperatures,  prior  to  the 
Krakatoa  event,  to  the  values  measured,  relative  to 
temperatures  in  the  1930’s. 


temperature  delayed  by  volcanic  activity.  The 
effects  of  rapidity  of  change  are  explored  briefly 
in  Appendix  B. 

Under  both  of  the  above  assumptions,  T0  is 
treated  as  a constant,  so  that  the  same  mathe- 
matical formulation  applies.  For  convenience, 
the  quantities  6 and  (3  are  now  defined,  where  6 
is  the  anomaly  relative  to  the  reference  line  used 
by  Budyko,  and  0 represents  a constant  differ- 
ence between  this  reference  line  and  T0,  that  is: 

T(t)  — T0  = 0(t)  — 0 , (3) 

so  that  Eq.  (1)  becomes 

= -X[T  — T0+oM(t)]  , (4a) 

or 


l&p-  = -A[0  -0  + «M(t)J  . (4b) 

Equation  (4b)  leads  to 


d = (0o-0)e'X(,‘to)  * 0 


e-*<‘-T>  (-AoM(r)]  dr  , 


(5) 


where  d0  is  the  value  of  the  temperature  anom- 
aly at  the  beginning  of  the  integration  period 
being  considered.  To  integrate  Eq.  (5),  M(t)  is 
needed;  for  simplicity,  volcanic  dust  loadings 
were  assumed  to  follow  a relationship  of  the 
form: 


M(t)  = Mn  , (6) 


where  M0  represents  the  mass  of  dust  in  the 
stratosphere  at  the  beginning  (t0)  of  the  time 
period  in  question,  and  k*1  represents  a dust 
residence  time.  Substituting  Eq.  (6)  into  (5)  and 
integrating  gives: 
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Note  that  by  either  Eq.  (2)  or  (7),  the 
steady-state  temperature  reductions  caused  by 
M0  tons  maintained  continuously  would  be  <*M0. 
Note  that  M0  is  usually  estimated  from  radiation 
measurements,  and  that  the  product  aM0  can  be 
estimated  from  these  measurements  and 
theoretical  radiative-equilibrium  (heat-balance) 
arguments.  In  one  sense,  therefore,  this  work  can 
be  considered  to  be  a test  of  these  theoretical 
arguments. 

Again,  for  simplicity,  in  order  to  use  Eq.  (7) 
for  sequential  events,  it  was  assumed  that  all  dust 
injections  could  be  characterized  by  the  same 
value  of  k;  i.e.,  by  the  same  residence  time  (k" 1 ). 
With  this  assumption,  Eq.  (7)  was  applied  on  a 
yearly  step  basis,  taking  M0  at  the  beginning  of 
each  time  step  as  the  sum  of  residual  old  dust 
and  new  dust  added  during  the  year.  Treating 
residence-time  values  as  being  reasonably  known 
quantities,  empirical  values  of  X and  a were 
sought  to  obtain  a fit  to  the  temperature  record 
(Figure  1).  In  most  cases,  the  computation  was 
begun  at  the  1 883  point  and  the  analytical  curve 
was  forced,  by  selection  of  a,  for  an  assumed  X, 
to  pass  from  the  -0.1 4°C  point  in  1883  through  a 
minimum  value  of  -0.48°C,  which  the  data  show 
was  reached  a year  or  so  later.  Dust  estimates 
were  used  from  Table  1.  The  only  exception  to 
this  general  procedure  was  made  in  a study  of  the 
period  1901-1920  (described  later). 

For  convenience  in  the  following  discussion, 
the  terms  “climatic  response  time,”  C,  equal  to 
X'1,  and  “dust  residence  time,”  R,  equal  to  k'1, 
both  in  years,  are  utilized. 

Some  Characteristics  of  the  Formulation 

Before  proceeding,  it  is  of  interest  to  note 
the  manner  in  which  the  initial  anomaly,  (6q-p) 
in  Eq.  (7),  affects  the  relative  shape  of  the 
climatic  response  to  a given  volcanic  event.  The 
point  is  illustrated  in  Figure  2 for  an  arbitrary  set 
of  assumptions.  In  Figure  2,  all  curves  are 
normalized  to  start  at  the  same  point.  Note  that 
where  the  initial  anomaly  is  negative  (i.e.,  the 
climate,  without  volcanic  eruptions,  is  in  a 
warming  trend*),  the  downward  displacement  is 


♦Note  that  these  “trends”  take  place  with  a constant 
value  of  To;  the  temperature  at  the  beginning  of  the 
period  is  simply  assumed  to  be  displaced  from  its 
equilibrium  value. 


much  less  than  if  no  trend  exists  or  if  a cooling 
trend  is  under  way.  Note  also  that  the  time  to 
minimum  temperature  is  reduced  in  the  presence 
of  a warming  trend.  With  a small  eruption  and  a 
strong  warming  trend,  it  is  conceivable  that  no 
cooling  below  the  initial  value  might  be  noted; 
similarly,  with  a strong  cooling  trend,  no 
recovery  might  result,  and  the  mean  temperature 
might  simply  drop  to  the  new  equilibrium  value, 
accelerated  in  the  process  by  the  volcanic 
eruption. 


Figure  2.  Apparent  climatic  response,  by  formula- 
tion, for  the  same  volcanic  eruption  under 
three  assumptions  as  to  initial  temperature 
anomaly  with  the  same  arbitrary  value  for 
climatic  response  time. 

Another  point  of  interest  with  regard  to  Eq. 
(7)  is  that  the  time-integrated  cooling  effect  of  a 
given  eruption  (from  tQ  to  °°)  is  simply  aM0/k, 
and  is  independent  of  X.  It  is  evident  then  that 
the  residence  time  (k'1  or  R)  is  fully  as  impor- 
tant as  M0  in  determining  the  effects  of  a given 
eruption.  (The  Lamb  (1970)  D.V.I.  clearly  incor- 
porates this  concept,  but  not  in  a manner 
directly  usable  here.)  The  uncertainties  intro- 
duced by  the  assumption  of  a constant  residence 
time  for  all  eruptions  are  discussed  in  a later 
section;  clearly,  however,  the  assumption  will 
overstate  the  effects  of  some  eruptions  and 
understate  the  effects  of  others.  The  effects  of 
variation  in  X are  illustrated  below. 

Preliminary  Utilization  of  the  Formulation  - 
The  Need  for  an  Empirical  Evaluation  of 
Constants  Specific  to  This  Formulation 

The  formulation  shown  in  Eq.  (7)  involves 
several  constants,  for  all  of  which  it  might  appear 
that  estimates  are  available  from  the  literature  or 
by  reasonable  assumption.  As  a preliminary 
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exercise,  it  is  of  interest  to  see  how  well  these 
values  might  apply  to  the  period  following  the 
Krakatoa  eruption  in  1883.  Thus  Budyko 
(1974b),  on  the  basis  of  the  seasonal  march  of 
temperatures,  developed  a value  of  X of  0.4  yr'1 , 
or  a 2.5-year  response  time.  Mitchell  (1970) 
assumed  a residence  time  for  stratospheric  dust 
of  14  months,  but  a considerable  variability  is 
involved  (Mitchell,  1961);  a figure  of  one  year 
seems  reasonable  as  a working  figure  here.  The 
value  of  0 over  a short  period  might  reasonably 
be  taken  as  zero. 

As  discussed  later,  a value  for  a of 
0.53°C/Mt  can  be  derived  from  results  of  the 
CIAP  effort,  as  reported  by  Grobecker  et  al. 
(1974);  this  figure  is  for  a hypothesized  10-year 
steady-state  loading  of  S02-derived  stratospheric 
dust.  (Note,  however,  that  CIAP  studies  also 
recommend  that  about  one-third  of  this  value 
should  be  used  for  one-year  changes  (see  Hidalgo, 
1974,  p.  F-122).  This  smaller  figure,  however, 
includes  the  effects  of  nonequilibrium  response.) 

The  above  constants  and  an  M0  value  of  25 
million  tons  were  used  with  Eq.  (7)  to  develop 
the  dotted  curve  in  Figure  3;  the  dashed  curve 
was  developed  for  the  same  values  of  a and  M0, 
but  it  assumes  a 10-year  response  time.  Data 
(arrow)  from  a RAND  (Mintz-Arakawa)  model 
run  (Batten,  1974)  that  simulates  a Krakatoa 
cloud,  which  apparently  did  not  include  oceanic 
thermal  inertia,  are  also  indicated  as  a matter  of 
interest.  Note  that  the  computational  results 
show  far  larger  displacements  than  do  the  actual 


Figure  3.  Climatic  record  and  certain  analytical 
results,  treating  the  Krakatoa  eruption  as 
an  isolated  event  and  ignoring  any  under- 
lying trends.  The  Bandai  San  and  Awu 
events  are  not  included.  This  plot  shows 
that  constants  from  the  literature  appar- 
ently cannot  be  used  in  the  formulation 
developed  here. 


data.  With  a climatic  response  time  of  10  years, 
the  displacement  is  greatly  reduced,  but  the 
duration  of  the  effect  is  greatly  increased;  how- 
ever, the  total  time-integrated  effect  as  noted 
above  would  be  unchanged  by  changes  in  X. 

A number  of  factors  could  enter  into  the 
apparent  poor  agreement  in  Figure  3 between 
computed  and  measured  changes  in  mean  tem- 
perature; it  appears,  however,  that  an  alternative 
empirical  approach  may  be  useful  in  finding  what 
values  of  these  constants  would  be  required  to  fit 
the  historical  data.  Given  these  data,  the  empiri- 
cal and  theoretical  results  will  then  be 
reexamined. 

RESULTS  AND  DISCUSSION 

Results  from  Short-Period  Studies  - 
Possible  Long-Term  Trends  Ignored 

Two  short-period  (~  20  years)  cases  were 
examined  to  determine  empirical  constants.  In 
these  cases,  possible  underlying  long-term  trends 
were  ignored. 

The  1883-1900  Period 


A 


The  first  set  of  results  is  given  in  Figure  4,  in 
which  analytical  curves  with  several  sets  of 
constants  are  shown.  In  these  cases,  the  starting 
point  was  as  shown,  and  the  zero-anomaly 
reference  value  was  taken  as  the  appropriate 
value  for  T0  — i.e.,  0 was  set  equal  to  zero.  As 
noted  earlier,  values  of  a were  selected  to  force 


Climatic  record  and  model  results  using 
constants  shown.  Initial  anomaly  set  at 
-0. 14°C.  No  other  trends.  Period 
1883-1900. 
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the  analytical  curves  through  a minimum  at 
-0.48°C;  the  precise  time  at  which  this  occurred 
was  allowed  to  “float.”  Note  that  a reasonable  fit 
is  given  by  a climatic  response  time  of  2.5  years, 
a residence  time  of  1 year,  and  an  a of  0.0739 
(an  a considerably  smaller  than  that  used  in 
Figure  3). 

Note  that  the  assumption  of  shorter  resi- 
dence times  leads  to  larger  values  for  a.  By 
inspection  of  the  three  curves,  it  is  evident  that  a 
climatic  response  time  of  about  3 years  and  an  a 
of  about  0.1  would,  with  a residence  time  of 
0.75  years,  approximately  duplicate  the  middle 
curve  It  is  clear,  therefore,  that  one  of  the 
variables  in  Eq.  (7)  must  be  taken  as  a known 
value  to  avoid  multiple  apparent  solutions;  here, 
residence  time  is  taken  as  a known  value, 
normally  one  year. 

The  1901-1902  Period 


Figure  5.  Climatic  record  and  model  results  using 
constants  shown.  Underlying  trends  not 
considered.  Period  1900-1920. 


Full-Period  Results 
Principal  Results 


For  the  1901-1902  short-term  case,  (3  was 
taken  as  +0.08°C,  so  that  the  initial  anomaly 
(&0—P)  was  zero-  (A  step  change  in  T0  of  0.08°C 
from  the  previous  plot  is  implied.)  In  this  case, 
I the  curves  were  forced  through  -0.24°C  by 

selection  of  a.  In  this  case,  a climatic  response 
time  of  2.5  years  does  not  give  nearly  so  good  a 
fit  as  one  of  5 years,  at  least  in  the  period  before 
the  Katmai  eruption  in  1912.  The  large  swing  in 
temperature  following  the  Katmai  eruption 
makes  any  comparison  in  this  latter  period  rather 
suspect. 

Note  that  doubling  the  climatic  response 
time  from  a value  of  2.5  years  to  one  of  5 years 
leads,  in  this  case,  to  a 50%  increase  in  the  value 
of  a,  an  effect  which  is  opposite  to  that  of 
increasing  the  residence  time. 

As  discussed  in  the  approach,  these  figures 
should  provide  lower-bound  estimates  of  the 
cooling  effects,  in  that  warming  trends  are 
essentially  ignored.  Note,  for  example,  in  Figure 
5 that  the  addition  of  a warming  trend  to  the 
analytical  result  would  raise  the  analytical  curves 
in  the  1906-1910  period  above  the  values  shown; 
in  this  case,  a larger  cooling  coefficient  and  a 
longer  response  time  would  then  be  required  to 
force  the  curves  through  the  recorded  data. 
These  facts  will  become  evident  in  the  next 
section. 


Under  the  second  assumption,  T0  in  1883 
was  based  on  temperatures  being  approached  in 
the  1930’s.  Values  of  0 of  0.26  and  0.36  (do-0 
or  T— Tq  of  -0.4  or  -0.5  in  1883)  were  used. 

Several  results  are  shown  in  Figures  6,  7,  and 
8.  Again,  the  curves  are  the  result  of  stepwise 
; -ar-by-year  application  of  Eq.  (7),  using  dust 
m;'5'  .>  as  n Table  1,  with  events  adjusted  in  a 
time  sen*e  according  to  Table  2.  The  following 
constants  were  used  in  the  three  figures. 


Constant 

_6_ 

Figure 

_7_ 

8 

0,°C 

0.36 

0.36 

0.26 

Cr-To)l883 

-0.5 

-0.5 

-0.4 

R,  yr 

1.0 

1.0 

1.0 

C.yr 

10 

9 

6.5 

a,  °C/Mt 

0.227 

0.211 

0.162 

Note  that  the  analytical  results  all  seem  to 
follow  the  full  curve  in  a general  way,  although 
deviating  somewhat  in  recent  years  in  a quantita- 
tive sense.  Note  also  that  the  C and  a values  are 
about  twice  those  found  previously. 
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Figure  8.  Analytical  result,  using  (T-T0)lg83  = -0.4,  R = 1.0,  C = 6.5,  and  a = 0.162, 
superimposed  on  the  climatic  record.  The  assumed  initial  temperature  anomaly  is  smaller 
(-0.4°C)  than  in  Figure  7;  a shorter  climatic  response  time  and  smaller  cooling  coefficient 
result. 


Exploratory  Optimization  Studies 

The  question  of  preferred  constants,  even 
under  the  assumptions  made  in  this  long-term 
case,  is  a difficult  one,  and  merits  some  discus- 
sion. Note  first,  in  Figure  6,  the  large  deviation 
between  the  analytical  curve  and  the  record  in 
the  1885-1890  period,  unmatched  by  any  off- 
setting deviation  later.  This  effect  is  less  pro- 
nounced with  a shorter  .lima tic  response  time  in 
Figure  7,  and  is  even  better  balanced  out  with 
the  set  of  constants  shown  in  Figure  8.  The 
post-1945  period  is  not  matched  well  under  any 
of  the  assumptions:  either  a new  trend  was  under 
way  — perhaps  the  most  likely  explanation  — or 
the  masses  of  dust  used  were  too  small,  a point 
that  will  be  discussed  shortly. 

To  reduce  subjectivism  in  the  selection  of 
preferred  curves,  but  without  attempting  a full 
multidimensional  optimization,  the  root-mean- 
square  deviation  was  determined  for  a number  of 
cases,  as  shown  in  Table  3.  Several  points  should 
be  noted: 

• As  is  visually  apparent  on  comparing 
Figures  6 and  8,  if  the  entire  1883-1968 
period  is  to  be  fitted,  a value  of 
(r_To)l88  3 smaller  than  -0.5°C  (i.e., 
about  -0.4°C)  gives  a smaller  standard 


deviation  than  does  the  curve  shown  in 
Figure  6,  since  the  deviations  in  the 
latter  half  of  the  period  are  reduced 
considerably.  Also,  the  constants  in 
Figure  8 give  a better  fit  than  those  in 
Figure  7. 

• These  data  show  that  the  best  fit  is  a 
function  of  the  time  period  selected. 
Thus,  the  minimum  in  the  tabulated 
values  of  rms  deviation  for  the  full 
period  is  for  (T-To)!88  3 = -0.4°C  and 
with  a 6.5-year  climatic  response  time; 
however,  for  the  shorter  period,  the 
minimum  is  for  (T— T0)l88  3 = -0.5°C 
and  a climatic  response  time  of  about  9 
years  (Figure  7).  The  best  overall  fit, 
among  the  cases  studied,  appears  to  be 
the  case  plotted  in  Figure  8. 

• It  was  found  that,  in  general,  as 
the  assumed  absolute  magnitude  of 
(T— Tq)] 883  is  increased,  the  optimum 
climatic  response  time  increases,  as  does 
the  value  of  a that  forces  the  curve 
through  the  -0.48°C  minimum  selected. 
This  can  be  seen  in  the  a column  in 
Table  3.  Also,  as  was  noted  earlier,  if 
climatic  response  time  is  held  constant 
and  R is  varied,  a increases  with  decreas- 
ing R 
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Table  3.  Some  Exploratory  Optimization  Results 


Root-Mean-Sq  uare 

Constants 

(rms)  Deviation 

(T'T<))l883 

_R_ 

C 

a 

1883-1968 

1883-1942 

Plotted  As 

-0.5 

1.0 

8 

0.1949 

0.1363 

0.1232 

-0.5 

1.0 

9 

0.2109 

0.1325 

0.1202 

Fig.  7 

-0.5 

1.0 

10 

0.2267 

0.1332 

0.1242 

Fig.  6 

-0.5 

0.9 

10 

0.2441 

0.1319 

0.1208 

-0.4 

1.0 

6 

0.1537 

0.1233 

0.1233 

-0.4 

1.0 

6.5 

0.1619 

0.1220 

0.1220 

Fig.  8 

-0.4 

1.0 

7 

0.1700 

0.1222 

0.1228 

•0.4 

1.25 

5.5 

0.1269 

0.1242 

0.1250 

-0.4 

1.25 

6 

0.1337 

0.1233 

0.1243 

-0.4 

1.25 

6.5 

0.1405 

0.1240 

0.1257 

? 
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Sensitivity  and  Uncertainties 

a.  Sensitivity  to  Dust  Masses,  Post- 1945 
Period.  In  view  of  the  deviation  of  the  analytical 
results  for  post- 1945  from  the  climatic  curve,  it 
was  of  interest  to  explore  briefly  the -sensitivity 
of  the  analytical  results  to  the  dust-injection 
numbers  used  from  this  period.  Two  arbitrary 
cases  were  considered: 

1 . The  Agung  value  was  doubled  from  5 to 
10  million  tons. 

2.  The  Agung  and  the  Bezymyannaya 
values  were  both  doubled  from  5 to  10 
million  tons. 

The  results  are  shown  in  Figure  8.  In  both 
cases,  considerable  change  is  noted  in  the  analyti- 
cal curve,  as  would  be  expected.  It  seems  clear 
that,  if  the  formulation  is  valid,  and  if  by  chance 
all  or  most  post- 194 5 eruptions  have  been 
underestimated  relative  to  those  near  the  turn  of 
the  last  century  by  a factor  of  about  two,  i.e.,  by 
factors  that  are  probably  within  the  uncertainty 
of  the  injected  masses,  then  the  post- 1945 
analytical  result  would  show  a greater  displace- 
ment than  does  the  measured  curve  (see,  how- 
ever, subsection  b below).  This  observation  sug- 
gests a need  for  a more  detailed  examination  of 
the  events  or  of  dust  masses  in  the  stratosphere 
during  this  period.  Note  that  fair  precision  is 
needed,  a factor  of  two  evidently  being 
unacceptable 

b.  Uncertainties  in  Residence  Times.  It  was 
noted  in  an  earlier  section  that  dust  residence 
times  are  as  important  as  initial  dust  masses  in 


determining  total  cooling  effects,  and  that  the 
use  of  a constant  residence  time  for  all  eruptions 
overstates  the  effects  of  some  eruptions  and 
understates  the  effects  of  others.  In  effect,  since 
smaller  eruptions  would  be  expected  to  have 
residence  times  lower  than  those  of  larger  erup- 
tions, this  work  may  well  overstate  the  effects  of 
small  eruptions.  Also,  if  latitude  plays  a part  in 
residence  times,  as  may  well  be  the  case,  with 
high-latitude  eruptions  possibly  having  lesser 
residence  times  (Mitchell,  1961)  than  those  of 
tropical  eruptions,  then  the  effects  of  small 
northern-latitude  eruptions  may  be  overstated  on 
two  counts.  These  points  need  further  study. 

c.  Uncertainty  of  and  Sensitivity  to  the 
Climate  Record.  A ground  rule  of  this  paper,  as 
noted  at  the  outset,  was  that  the  temperature 
record  would  not  be  questioned  in  detail.  The 
absolute  accuracy  of  this  curve  is  unknown. 
Nevertheless,  a few  comments  may  be  in  order. 

First,  it  may  be  noted  that  extreme  short- 
term positive  swings  seem  to  be  balanced  by 
short-term  negative  swings.  These  fluctuations 
may  arise  from  the  use  of  land-dominated  aver- 
ages, i.e.,  of  too  few  stations  to  get  a valid 
hemispheric  average.  For  changes  of  the  magni- 
tudes noted  to  be  valid,  either  strong  (and 
unknown)  perturbations  must  occur,  or  thermal 
inertial  (response  time)  estimates  come  into 
question. 

Second,  it  was  noted  earlier  that  all  full-term 
computations,  as  well  as  the  short-term  computa- 
tions from  1883-1900,  involved  starting  at 
-0.1 4°C  with  a forced  minimum  at  -0.48°C.  If 
this  difference  of  -0.34°C  had  been  in  serious 
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error,  however,  the  subsequent  curve  fits  would 
have  been  poor.  However,  the  sensitivity  of  the 
results  to  errors  in  these  two  data  points  was 
given  some  study  by  considering  two 
possibilities: 

1.  The  1883  initial  point  was  erroneously 
low  by  0.1°C,  but  all  other  points  were 
correct. 

2.  The  1883  point  and  the  minimum  tem- 
perature reached  following  the  Krakatoa 
eruption  were  both  erroneously  low  by 
0.1°C. 

In  case  1,  the  effect  was  to  increase  a, 
inasmuch  as  the  Krakatoa  eruption,  under  this 
assumption,  caused  a cooling  of  0.44°C  instead 
of  0.34°C.  Small  effects  were  noted  on  optimum 
response  time,  etc.,  but  the  predominant  effect 
was  to  create  a corresponding  excess  displace- 
ment in  the  1901-1903  period.  The  larger  a,  of 
course,  made  the  post-1945  analytical  curve  look 
better  relative  to  the  data  measured. 

In  case  2,  the  displacement  created  by 
Krakatoa  was  still  taken  as  0.34°C,  so  a was  not 
strongly  affected.  Optimum  response  times  were 
increased  by  a year  or  so,  but  no  dramatic  effect 
was  evident. 

These  brief  examples  suggest  that  the  overall 
results  are  not  extremely  sensitive  to  absolute 
uncertainties  in  the  temperature-anomaly  record 
near  the  initiation  period. 

d.  Other  Uncertainties.  Uncertainties  obvi- 
ously exist  in  all  facets  of  this  work,  ranging 
from  questions  as  to  the  basic  validity  of  the 
formulation  used  to  questions  of  dust  masses 
used,  volcanic  eruptions  not  recognized,  resi- 
dence times  after  and  differences  between  erup- 
tions, etc.  Analysis  of  all  these  factors  has  not 
been  attempted;  the  justification  is,  of  course, 
that  this  paper  is  intentionally  exploratory. 

Two  points  should  be  noted  with  regard  to 
dust  masses  and  the  values  found  for  the  cooling 
coefficient.  First,  what  is  actually  used  in  the 
computations  is  the  product  aM0,  which  is  in 
units  of  temperature.  The  entire  work  could  have 
been  done  in  some  unit  of  this  type,  with 
different  eruptions  rated  in  terms  of  each  other 
or  in  radiation  loss,  etc.,  a point  that  is  discussed 
later.  Obviously,  if  the  dust  masses  used  are,  say, 


twice  as  high  as  they  sh  vuld  be,  then  the  a 
figures  are  half  as  large  as  tiiey  should  be  Second, 
the  density  question  should  be  noted.  The  optical 
effects  of  a given  mass  of  dust  of  given  particle 
size  and  properties  are  inversely  related  to  particle 
density.  Deirmendjian  (1972)  gives  masses  in  unit 
density;  other  authors  do  not  quote  the  densities 
being  used.  Unit  densities  may  be  suitable  for 
porous  tephra  particles;  sulfuric  acid  particles, 
however,  which  would  be  expected  to  have 
longer-lasting  effects,  have  densities  near 
1.7  gm/cc. 

COMPARISON  OF  RESULTS 
Summarized  Results 

The  two  approaches,  as  just  described,  lead 
to  two  sets  of  results: 

a,  C, 

Period  Considered  °C/Mt  years 

Short  term  0.07-0.10  2.5-5 

Longterm  0.16-0.21  6-9 

It  is  important  to  note  that  these  results 
were  developed,  and  should  always  be  taken,  in 
pairs,  i.e.,  a small  value  of  a should  be  used  with 
a short  response  time,  and  a larger  value  of  a 
with  a longer  response  time. 

As  pointed  out  earlier,  the  two  assumptions 
on  which  these  figures  were  developed  may 
represent  limiting  values,  in  that  in  the  short- 
term case,  long-term  trends  are  ignored,  and  in 
the  long-term  case,  the  effects  of  long-term 
trends  are  probably  overstated.  Of  course,  the 
question  arises  as  to  which  set  may  be  more 
realistic,  and  this  question  cannot  be  answered 
absolutely.  Insight  may,  however,  be  gained  by 
comparing  these  sets  of  numbers  to  results  of 
other  investigators.  These  arguments  will  favor 
the  larger  numbers. 

Cooling  Coefficients 

The  a results  can  be  compared  to  theoretical 
values  developed  under  the  CIAP  program  on  the 
basis  of  radiation  calculations,  on  the  effects  of 
added  dust,  and  on  resultant  theoretical  tempera- 
ture changes.  One  value  of  a was  used  for 
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illustrative  purposes  in  Figure  3.  Other  values 
from  various  authors’  work  are  reported  by 
Hidalgo  (1974).  These  results  indicate  the  change 
in  equivalent  solar  constant  ( Sa/a ) assuming  a 
uniformly  distributed  aerosol  over  the  Northern 
Hemisphere  in  a 10-km  thick  layer;  this  change  in 
equivalent  solar  constant  is  then  converted  to  an 
estimated  temperature  change,  if  maintained  for 
certain  lengths  of  time.  The  equivalent  solar- 
constant-change  computations  are  made  assum- 
ing an  average  solar  zenith  angle  of  60  degrees, 
which  doubles  the  normal  value  of  optical  depth. 
Given  the  change  in  effective  solar  constant,  the 
change  in  steady -state  temperature  is  obtained, 
using  an  estimated  x proportionality  constant, 
according  to 


at  - Sa 
AT  - x — 


(8) 


where  AT  is  the  temperature  change  in  °C  after 
specified  time  periods,  and  Sa/a  is  the  fractional 
effective  change  in  solar  constant. 

A value  of  x of  1 50° C (per  per  ent  change  in 
equivalent  solar  constant)  is  recommended  by 
Leith  et  al.  (as  reported  by  Hidalgo  (1974))  and 
by  Budyko  (1974a)  for  time  periods  of  perhaps  a 
decade;  a value  of  250  that  incorporates  ice- 


albedo  feedback  effects  is  recommended  for  a 
time  period  of  the  order  of  1000  years.  A smaller 
value  (50)  is  recommended  for  a time  period  of 
one  year.  The  different  values  recognize  the 
thermal  inertia  and  feedback  effects.  While  the 
empirical  and  theoretical  approaches  are  not 
strictly  comparable,  it  would  appear  that  the 
appropriate  value  for  comparison  here  is  the 
quasi-steady-state  value  of  150  (see  also  subsec- 
tion below). 

The  various  workers’  results  are  summarized 
in  Table  4,  using  a x value  of  1 50  and  converting 
to  common  units.  As  before,  the  term  ASd  in 
Table  4 refers  to  a hypothetical  particulate 
concentration,  assuming  uniform  dispersal  of 
added  aerosol  over  a 10-km  thick  band;  the  units 
are  Mg/m3.  The  value  of  a is  obtained  from  x. 
Sa/a,  and  the  stratospheric  volume  involved 
(2.55  X 1018  m3),  correcting  for  the  units 
employed.* 

Table  4 includes  reference  to  values  of  u> 
and  (3,  which  describe  assumed  optical  properties 
of  the  particles.  The  term  (1— w)  defines  the 
probability  of  absorption,  and  (3cj  the  probability 


•Thus,  in  the  fust  case  in  Table  4, 

_ 150  X 0.009  [°C/(Mgm/m3))  _ 


2.55  [Mt/0igm/m3)l 


= 0.53°  C/Mt 


Table  4.  Comparison  of  Results3 


Author 

u> 

-6  a/a 

a 

Remarks 

Grobecker 

— 

_ 

0.009ASd 

0.53 

b 

Herman6 

1.0 

0.19 

0.010ASd 

0.59 

X = 0.5  urn, 
nonabsorbing 

Herman6 

0.9 

0.18 

0.01 6ASd 

0.94 

Pollack-Toon6 

0.99 

0.12 

0.0061  ASd 

0.36 

Wavelength 

integration 

Coakley- 

Schneider6 

1.0 

0.10 

0.0046ASd 

0.27 

Wavelength 

integration 

Luther6 

0.95 

0.095 

0.01  lASd 

0.65 

Wavelength 

integration 

This  work 

0.07-0.23 

aThe  variations  in  theoretical  numbers  include  differences  in  assumed  particle-size  distribution  and  density,  as  well  as  in 
computational  technique.  The  “now-preferred”  value  is  that  of  Pollack  & Toon  (Hidalgo,  1975). 
bAs  used  in  Grobecker  et  al.  (1974),  p.  43. 

‘Taken  from  Hidalgo  (1974). 
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of  backscattering.  It  is  now  believed  (Hidalgo, 
1975)  that  (jJ  for  sulfuric  acid  particles  is  very 
near  to  1.0;  values  of  0.9,  one  value  used  by 
Herman  in  studying  effects  parametrically,  or 
0.95,  used  by  Luther,  are  too  low  and  lead  to 
values  of  5 o/o,  and  thus  a,  which  are  too  high. 
Thus,  the  CIAP  most-applicable  values  can  be 
quoted  as  being  about  0.27  to  0.36,  versus  values 
found  here  of  about  0.07  to  0.2.  The  midpoint 
of  the  empirical  values  (if  taken  as  0.14  ± 0.07)  is 
clearly  within  a factor  of  about  two  to  three  of 
the  theoretical  values  when  a x value  of  150  is 
used,  and  is  probably  within  the  uncertainties  in 
the  dust  masses.  Also,  quite  obviously,  the 
theoretical  results  themselves  involve  a number 
of  uncertainties;  longwave  effects,  which  reduce 
the  values  by  10-25  percent,  are  not  included  — 
and,  of  course,  the  value  of  x can  be  questioned. 
(Grobecker  et  al.  (1974)  give  a range  of  values 
that,  in  terms  of  a,  would  be  expressed  as 
0.5  ± 0.7.)  Also,  it  should  be  remembered  that 
the  a value  developed  here  includes  the  net  effect 
of  all  the  material  injected  by  volcanic  eruptions, 
including  water  vapor,  and  perhaps  certain  feed- 
back effects  (such  as  changes  in  cloudiness,  or 
tropical  tropopause  warming  with  resultant 
water-vapor  enhancement),  which  could  cause 
some  countervailing  warming  effects.  Thus,  the 
empirical  value  might  well  be  somewhat  lower 
than  the  theoretical  values  that  result  from 
consideration  of  aerosols  only,  all  other  factors 
remaining  constant. 

This  comparison  can  also  be  phrased  some- 
what differently.  Thus,  it  was  noted  earlier  that 
the  term  aM0,  by  definition,  represents  a steady- 
state  change  in  temperature,  which  would  result 
if  M0  were  to  be  maintained  indefinitely 
(decades)  at  a constant  level.  Also,  as  noted 
earlier,  the  masses  of  stratospheric  dust  have  in 
fact  been  estimated  from  the  optical  properties 
of  aerosol  clouds,  and  with  the  aid  of  the  same 
theoretical  arguments  these  radiation-loss  mea- 
surements can  be  used  to  estimate  the  product 
aM0.  Thus,  in  the  case  of  the  Krakatoa  eruption, 
direct-beam  losses  of  20-30%  were  measured, 
even  after  the  dust  had  become  well  dispersed.  If 
it  is  assumed,  following  Budyko  (1974b),  that 
net  losses  were  about  15%  of  the  direct  losses, 
the  fractional  net  loss  received  at  the  ground 
would  have  been  0.03  to  0.045.  With  a x value  of 
150,  as  above,  the  Krakatoa  dust  cloud  (25  Mt 
assumed  as  the  initial  northern-hemisphere  load- 
ing), if  maintained  indefinitely,  should  have 


resulted,  by  these  arguments,  in  a 4.5  to  6.75°C* 
loss  in  surface  temperature.  By  comparison,  the 
equivalent  steady-state  loss  using  the  short-term 
results  for  this  event  would  be  (0.07  to  0.10) 
X 25,  or  1.75  to  2.5 °C,  and  for  the  long-term 
case  (0.16  to  0.21)  X 25,  or  4.0  to  5.25°C.  This 
argument  would  favor  the  larger  pair  of  numbers 
(assuming,  of  course,  that  the  x value  of  150  is 
correct). 

As  a separate  matter,  it  might  be  noted  that 
a cooling  coefficient,  but  of  a completely  dif- 
ferent sort,  can  be  developed  from  a plot  given 
by  Mitchell  (1970)  noting  stratospheric  volcanic 
loadings  versus  time  and  equivalent  cooling  for 
each  event.  This  coefficient,  which  can  be  con- 
verted to  about  0.02°C/million  tons  of  strato- 
spheric dust,  relates  to  the  short-term  climatic 
displacement  following  an  eruption,  not  to  the 
steady-state  value.  An  analogous  value  based  on 
the  Krakatoa  data  used  here  would  be  0.34°C/25 
million  tons,  or  about  0.0 14° C/million  tons. 

Climatic  Response  Times 

Response  times  in  the  sense  used  here  are 
not  treated  explicitly  by  Leith  et  al.  (1975)  in 
the  studies  on  which  the  previous  comparison 
was  made;  rather,  responses  as  a function  of  time 
were  given.  The  first  two  x values  (50  at  1 year, 
150  at  10  years),  however,  are  fitted  by  x = 
152.9  (1  — e'0--5961),  implying  a short-term 
response  time  (1/0.396)  of  about  2.5  years, 
which  is  in  agreement  with  Budyko,  who  esti- 
mated a response  time  based  on  the  seasonal 
march  of  temperatures.  A figure  in  this  range  was 
found  to  fit  short-term  events  (Figures  4 and  5) 
reasonably  well,  but  this  comparison  should  be 
treated  with  caution.  Budyko  refers  to  a response 
time  for  less-than-yearly  changes,  whereas  here 
the  response  time  refers  to  changes  in  mean 
annual  temperatures.  It  would  seem  reasonable 
that  annual  mean  values  might  respond  more 
slowly  than  seasonal  values. 

A response  time  comparable  to  that  used 
here  was  developed  by  Reitan  (1971),  intercom- 
paring five-year  periods,  in  an  attempt  to  achieve 
estimates  of  the  relative  importance  of  volcanic 


*In  fact,  figures  twice  these  values  could  be  developed 
by  CAP  methodology,  if  the  20-30%  loss  were 
assumed  to  represent  losses  with  a direct  overhead  sun, 
rather  than  losses  at  the  average  solar  zenith  angle  of 
60  degrees. 
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dust,  tropospheric  dust,  and  carbon  dioxide  in 
the  stratosphere.  He  found,  after  some  study, 
that  a climatic  half-response  time  (as  in  Eq.  (1), 
but  not  carried  through  as  in  Eq.  (7))  of  five 
years  was  most  appropriate.  A half-time  of  five 
years  corresponds  to  an  e-folding  time  of  5/0.693 
= 7.2  years,  very  similar  to  the  6.5-year  preferred 
value  found  in  this  work  in  the  full-period  study. 

Effect  of  Trends,  and  Other  Pitfalls 

Values  of  a,  k,  and  X alone,  even  if  precisely 
known,  would  be  insufficient  to  predict  the 
"effect”  of  a given  volcanic  eruption  or  of  any 
other  specified  perturbation,  unless  underlying 
trends  were  undv : stood.  This  point  was  made  in 
Figure  2;  the  ignoring  of  a warming  trend  ac- 
counted for  part  of  the  wide  deviation  of  "pre- 
dicted” from  measured  values  in  Figure  3.  Other 
reasons  for  the  deviation  shown  there  can  be 
postulated,  including,  if  the  work  here  is  ac- 
cepted, too  large  a value  for  a (or  x).  An  impor- 
tant point,  however,  is  that  use  of  a large  value  of 
a (0.5)  with  a short  response  time  (2.5  years),  as 
in  one  of  the  curves  in  Figure  3,  seems  ne  ver  to 
be  appropriate. 

CONCLUDING  COMMENTS 

First,  the  results  strongly  suggest  that  large 
volcanic  eruptions  do  lead  to  significant  short- 
term cooling  effects,  which  would  tend  to  be 
cumulative  with  frequent  eruptions.  Thus,  there 
is  qualitative  compatibility  between  available 
theoretical  calculations  and  observations  on  the 
cooling  effects  of  stratospheric  aerosols.  Quanti- 
tatively, the  theoretical  values  imply  a greater 
cooling  per  unit  mass  of  dust  than  do  empirical 
values  developed  here,  but  under  certain  of  the 
assumptions  made,  values  obtained  from  the  two 
approaches  are  within  what  is  probably  the 
severalfold  uncertainty  range.* 

Second,  deducing  climatic  effects  of  volcanic 
eruptions  from  climatic  data  taken  within  a 
period  of  a few  years  following  the  eruption 


•Note  added  in  proof:  In  theoretical  work  published 
subsequent  to  the  preparation  of  this  paper.  Pollack 
et  al.  find  the  cooling  effects  of  sulfuric  acid  aerosols 
to  be  (in  units  used  here)  *0.1°C7Mt,  close  to  the 
values  found  with  the  “short  term”  studies  herein. 
(See  J.B.  Pollack,  O.B.  Toon,  A.  Summers,  W,  van 
Camp,  and  B.  Baldwin,  “Estimates  of  the  climatic 
impacts  of  aerosols  produced  by  space  shuttles,  SST’s, 
and  other  high  flying  aircraft,”  J.  Appl.  Meteorol. 
15,  247-258.) 


without  considering  underlying  longer-term 
trends  may  well  result  in  erroneous  estimates  of 
the  cooling  effects  of  stratospheric  aerosols.  If 
the  climate  were  in  a warming  trend,  a volcanic 
eruption  might  merely  slow  the  process,  and  the 
climatic  record  could  show  almost  no  tempera- 
ture effect.  Conversely,  if  the  climate  were  in  a 
cooling  trend,  the  event  might  have  great 
apparent  effect. 

Third,  lags  in  climatic  changes  of,  say,  6 (±3) 
years  have  implications  in  view  of  man’s  possible 
inadvertent  alteration  of  the  climate.  If  the 
climate  were  in  a warming  trend,  it  might  warm 
for  a significant  number  of  years  before  some 
man-induced  (cooling)  pollutant  could  reverse 
the  trend. 

Finally,  the  time-integrated  aspects  of  cli- 
mate changes  should  be  noted.  If  theory  is 
eventually  to  be  tied  to  observation,  accurate 
long-term  records  will  be  needed  of  all  the 
factors,  of  which  stratospheric  dust  is  certainly 
only  one,  that  may  control  climate. 
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APPENDIX  A 


COMMENTS  ON  CERTAIN  VOLCANIC  ERUPTIONS 


The  large  eruption  of  Krakatoa,  on  which  much  of 
the  discussion  in  this  paper  is  based,  took  place  26-27 
August  1883  at  6°S  and  105.5°E,  although  smaller 
explosive  phases  started  20  May  1883  (Lamb,  1970). 
Estimates  of  the  amount  of  solid  matter  blown  up  range 
from  6 to  18  km3  (Lamb,  1970).  Lamb  suggests  that 
6 km3  (»  1010  tons)  and  Deirmendjian  (1972)  that 
4 km3  were  dispersed  as  dust  in  the  atmosphere;  only  a 
small  portion,  however,  went  into  the  stratosphere 
(1/100  used  by  Mitchell,  1970;  1/600  according  to 
Deirmendjian,  1972;  recognized  but  not  given  by 
Lamb).  Losses  of  20-30%  in  the  direct  solar  beam  were 
noted  essentially  worldwide,  occurring  as  long  as  two  or 
three  years  after  the  eruption;  much  of  this  loss  (about 
85%  (Budyko,  1974b))  was  made  up  by  an  increase  in 
the  diffuse  radiation. 

Several  estimates  of  the  stratospheric  dust  loading 
from  this  event  are  available  (although  it  is  not  clear  as 
to  what  degree  they  are  independent),  as  follows: 


Author  Global  Stratospheric  Burden 

Mitchell  (1970)  10s  tons  initially;  however,  only 

half  this  value  was  assumed  to 
be  effective  the  first  year  (50 
million  tons) 


Junge  (1974),  based  32  X 106  tons,  global,  a year 
on  Volz  (1972)  after  the  event;  apparently 

roughly  the  same  in  both 
hemispheres 


Deirmendjian  (1972)  30  X 1C6  tons,  assuming  unit 

density,  computed  from  optical 
criteria  (a  “few  months”  after 
the  event) 


Portions  of  the  dust  reached  great  heights 
(<  27  km)  according  to  Lamb  (1970);  however,  the 
mean  stratospheric  cloud  height  must  have  been  much 
less.  Mitchell  (1970)  ascribes  a residence  time  of  14 
months  to  the  dust  so  injected.  Junge  (1974),  quoting 
Volz  (1972),  gives  a worldwide  loading  of  32  million 
tons  one  year  after  the  event;  correcting  for  an  assumed 
exponential  decay  (14  months’  residence  time),  an 
initial  figure  of  75  million  tons  results.  Deirmendjian, 


however,  assuming  unit  density,  estimates  30  million 
tons,  which,  correcting  for  say  three  months'  time, 
would  imply  37  million  tons  initially;  if  a density  of  say 
1.7gm/cc  is  used,  the  corrected  initial  value  would  be 
63  million  tons.  Presumably,  somewhat  less  than  half 
these  global  figures  should  be  used  for  Northern 
Hemisphere  loadings  - in  fact,  much  less  if  the  Agung 
experience  (see  below)  is  representative.  However,  on 
the  basis  of  the  fact  that  Junge  (1974)  implies  substan- 
tially equal  radiation-loss  values  in  both  hemispheres  a 
year  after  the  event,  the  split  may  have  been  almost 
equal.  Any  assigned  value  involves  some  arbitrariness;  a 
Northern-Hemisphere  value  of  25  million  tons  was 
selected,  or  half  of  Mitchell’s  first-year  global  value, 
decaying  directly  from  this  value  thereafter.  This  figure 
was  then  used  in  prorating  subsequent  events,  using 
Mitchell’s  tabulation  of  magnitudes  (see  Table  1,  main 
text),  except  as  noted  below  for  Katmai  and  Agung. 

Two  small  (0.5  million  tons  each)  northern- 
hemisphere  events  also  took  place  in  1883.  However, 
under  the  assumptions  of  this  work  (Table  2,  main 
text),  they  were  supposed  to  have  already  affected  the 
1883  starting-point  climatic  anomaly  and  were  ignored 
relative  to  Krakatoa  for  the  subsequent  period. 

No  independent  studies  of  the  large  eruptions  of 
1902-04  were  available.  Mitchell’s  estimates,  prorated, 
and  his  split,  in  terms  of  the  years  involved,  were  used. 

In  the  case  of  Katmai  (1912),  Deirmendjian  (1972) 
gives  an  estimate  of  13.4  million  tons  (at  unit  density). 
This  particular  eruption  involved  very  great  discrep- 
ancies in  estimates,  ranging,  according  to  Lamb  (1970), 
from  0.006  to  21  km3  of  solid  ejecta.  Deirmendjian 
estimated  Katmai  at  44%  of  Krakatoa  in  total  dust 
output,  which  would  have  given  Katmai  a magnitude  in 
the  Northern  Hemisphere  roughly  equal  to  Krakatoa’s. 
Junge  (1974)  quotes  a figure  of  16  million  tons,  0.2 
years  after  the  eruption,  which,  at  14  months’  residence 
time,  corrects  to  19  million  tons  initially.  Junge's 
(Volz’s)  quoted  value,  as  noted  earlier,  for  the  Krakatoa 
event  on  a global  basis  corresponds  (at  14  months' 
residence  time)  to  75  million  tons  initially,  thereby 
putting  Katmai  at  about  25%  of  Krakatoa,  or  50%  in  the 
Northern  Hemisphere.  Normalizing,  by  using  50%  of  the 
value  used  for  Krakatoa  (25  million  tons),  a figure  of 
12.5  million  tons  is  obtained.  Lamb’s  D.V.I.  for  Katmai 
in  the  Northern  Hemisphere  is  only  15%  of  that  for 
Krakatoa.  A figure  of  1 3 million  tons  was  used. 
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In  the  case  of  Agung  (1963),  it  has  been  reported 
that  most  of  the  dust  remained  in  the  Southern 
Hemisphere:  Junge  (1974)  quotes  a value  for  the 
Northern  Hemisphere  as  2 million  tons,  0.8  years  after 
the  eruption  (versus  12  million  tons  in  the  Southern 
Hemisphere).  If  the  total  of  14  million  tons  is  corrected, 
assuming  14  months’  residence  time,  to  the  initial 
injection,  a figure  of  28  million  tons  is  found,  in 
essential  agreement  vith  the  30  million  tons  quoted  by 
Mitchell  (1970).  Deirmendjian,  however,  gives  only  9 
million  tons  at  unit  density;  at  a density  of  1.7  gm/cc, 
the  figure  would  be  IS. 3 million  tons.  By  the  rules  of 
Table  2,  IS  million  tons  at  the  latitude  of  Agung  should 
have  put  7.S  million  tons  on  the  Northern  Hemisphere; 
however,  the  Junge  (1974)  figure  of  2 million  tons 
corrects  only  to  4 million  tons  initially.  These  data 


could  not  all  be  rationalized.  A figure  of  S million  tons 
was  assigned,  with  a figure  twice  this  also  considered 
(see  Figure  8). 

Considerable  question  also  exists  in  the  Hekla 
(1947),  Mt.  Spurt  (1953),  and  Bezymyannaya  (1956) 
eruptions,  all  in  the  far  north.  The  values  shown  for 
Hekla  and  Mt.  Spurt  were  again  prorated  from  Mitchell’s 
figures.  Much  smaller  values  would  be  estimated  from 
the  small  total-dust  figures  quoted  by  Lamb.  The 
Bezymyannaya  figure  of  S million  tons  was  also  doubled 
(Figure  8)  for  illustrative  purposes. 

In  view  of  the  large  uncertainties  in  the  dust 
estimates,  no  attempt  was  made  to  adjust  these  figures 
as  residence-time  assumptions  were  varied  in  the  main 
text. 


APPENDIX  B 

EFFECTS  OF  A TIME- VARYING  T0 


As  discussed  in  the  main  text,  any  assumption  as  to 
how  T0,  the  hypothetical  steady-state  temperature  in 
the  absence  of  stratospheric  dust,  might  have  varied 
with  time  over  the  1883-1968  period  would  be  some- 
what or  totally  arbitrary.  In  general,  any  such  assump- 
tions involve  additional  constants,  and  additional  con- 
stants are  always  to  be  avoided  in  an  empirical  study.  (A 
sinusoidal  relationship,  for  example,  would  involve 
constants  for  phase,  amplitude,  and  period.)  It  was, 
however,  desired  to  obtain  some  comprehension  of  the 
effects  of  such  changes,  using  some  approach  com- 
patible with  that  used  in  the  rest  of  the  study.  For  this 
purpose,  the  assumption  was  made  of  an  exponential 
relationship  involving  one  additional  constant  (7),  of  the 
following  type. 

T0  - ^0(1 883)  ♦ 0 [l  - e"1f(,'t°)]  , (B.l) 

where  t-t0  represents  the  number  of  years  after  1883. 
With  y = «,  this  expression  reduces  to  that  given  earlier; 
with  y finite  and  not  equal  to  \,  the  expression  becomes 

8 - (flQ-dle'^'V  + u 

xaM0  r 

- X-k  L 


e-k(t-t0)  ^-Mt-to) 


(B.2) 


+ U-to)  ^.-Mt-to) 

t-*L 

For  sequential  (yearly -steps)  use,  the  value  of  0 in  the 
last  term  must  be  reduced  after  each  period  by  0(t.|)C~7, 
just  as  the  dust  masses  must  be  reduced  by  Mt.|e  k. 

If  a value  (5  is  taken,  based  on  the  difference 
between  mean  temperature  in  the  1930’s  and  the 
reference  temperature  used  by  Budyko  (»  0.3°C),  then 
values  of  y can  be  assumed,  and  the  various  results  will 
show  the  difference  between  a square-wave  (or 
preexisting-anomaly)  assumption  ( y = °°)  and  finite  rates 
of  warming.  One  such  set  of  results  is  shown  in  Figure 
B-l.  In  general,  it  is  found  that  a finite  warming  rate  (G 
= 7"*  = 10  to  20  years)  had  only  moderate  impact  (17%) 
on  the  required  value  for  a with  a given  climatic 
response  time,  but  considerable  effect  on  the  shape  of 
the  resulting  curve.  The  formulation  (B.2)  was  studied 
briefly  to  see  when  a short  residence  time  (four  years  in 
Figure  B-l)  could  be  made  to  fit  the  full  1883-1968 
curve.  A rough  fit  was  found  with  G = 20  years  and  C “ 
4 years,  with  a = 0.10,  showing  that  short-  and 
long-period  results  may  be  compatible  (and  the  short- 
period  values  about  correct)  if  underlying  trends  can  be 
quantified.  It  should  be  stressed,  however,  that  Eq. 
(B.l)  is  completely  arbitrary. 
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ABSTRACT:  This  paper  reviews  the  current  knowledge  of  the  depletion  of  stratospheric  ozone  due  to 
the  injection  of  oxides  of  nitrogen  from  thermonuclear  explosions  in  the  atmosphere,  discussing  the 
theoretical  calculations,  the  ground-based  observations  of  global  ozone  after  the  1961-1962 
'multimegaton  test  series,  and  the  satellite  observations  of  local  effects  following  a single  French 
thermonuclear  explosion  in  1970.  There  is  general  agreement  on  the  approximate  NO  production  per 
megaton  yield  and  on  the  subsequent  ozone  depletion  expected  to  be  associated  with  the  various 
nuclear  tests.  This  depletion,  as  calculated  principally  by  Chang  and  Johnston,  extending  earlier  work 
of  Foley  and  Ruderman,  is  small  - typically  of  the  order  of  several  percent  during  a reasonable 
observation  interval  — and  lies  within  the  probable  error  of  available  ozone  measurements.  Thus  while 
there  is  no  real  disagreement  between  prediction  and  observations  and  no  reason  to  doubt  the  validity 
of  the  predictions  of  ozone  depletion,  existing  atmospheric  data  do  not  provide  a statistically 
significant  demonstration  of  the  catalytic  destruction  of  ozone  by  oxides  of  nitrogen. 


INTRODUCTION 

Johnston  (1971)  pointed  out  a potential 
major  environmental  hazard  due  to  stratospheric 
aircraft  flight.  Aircraft  engines  emit  oxides  of 
nitrogen  (NOx  = NO  + N02),  which  under 
stratospheric  conditions  will  decrease  the  amount 
of  ambient  ozone  by  a catalytic  reaction  cycle.  A 
reduction  of  ambient  atmospheric  ozone  will 
lead  to  an  increase  in  solar  ultraviolet  (UV)  flux 
at  ground  level.  Since  most  of  the  biologically 
harmful  radiation  is  normally  filtered  out  by 
ozone  absorption,  such  an  increase  in  solar  UV 
could  have  a variety  of  deleterious  effects, 
ranging  from  increased  levels  of  skin  cancer  and 
possible  decreases  in  crop  plant  yields  to  accel- 
erated deterioration  of  rubber  and  some  plastics. 

As  a result  of  this  and  other  environmental 
concerns,  the  Department  of  Transportation’s 
Climatic  Impact  Assessment  Program  (DOT/ 
CIAP)  was  established  in  1971 


...  in  order  to  determine  regulatory  con- 
straints on  flights  in  the  stratosphere  such 
that  no  adverse  environmental  effects  result. 
Thus  DOT/CIAP  will  assess,  by  1974  report, 
the  impact  of  climatic  changes  resulting  from 
propulsion  effluents  of  vehicles  in  the  strato- 
sphere, as  projected  to  1990. 


In  view  of  the  short  time  scale  of  the 
program,  the  principal  method  of  attack  on  the 
problem  has  consisted  of  measurements  of 
ambient  stratospheric  NOx  and  other  potentially 
relevant  species,  supplemented  by  extensive 
computer  modeling.  To  augment  our  confidence 
in  these  predictions,  any  kind  of  partial  experi- 
mental simulation  is  worthy  of  investigation. 
Thus  the  suggestion  by  Foley  and  Ruderman 
(1972)  that  the  injection  of  NOx  into  the 
stratosphere  by  Soviet  and  U.S.  thermonuclear 
explosions  in  the  atmosphere  in  1961-1962 
provided  such  a simulation  was  both  appropriate 


•This  paper  appeared  in  nearly  identical  form  in  Reviews  of  Geophysics  and  Space  Physics  (VoL  13,  No.  4,  pp  451-458)  in 
August  1975. 
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and  timely,  and  has  been  the  subject  of  consider- 
able investigation. 

The  present  paper  reviews  the  current  evi- 
dence on  this  problem.  After  a discussion  of  the 
total  yield  of  NO  per  megaton  (Mt)  in  an 
atmospheric  nuclear  explosion,  and  of  the  pre- 
dicted global  reduction  of  total  ozone  as  a result 
of  the  multimegaton  Soviet  and  U.S.  nuclear 
tests  of  1961-1962,  the  nature  of  ground-based 
global  ozone  measurements  during  the  period 
1957-1970  is  reviewed.  Predicted  decreases  in 
total  ozone  column  are  of  the  order  of  a few 
percent  and  would  be  extremely  hard  to  extract 
from  the  noisy  signal. 

An  opportunity  for  local  observation  of 
ozone  reduction  due  to  a specific  thermonuclear 
explosion  is  provided  by  Nimbus  IV  satellite 
observations  of  the  area  above  the  French  and 
Chinese  thermonuclear  tests  in  1970.  These  data 
are  reviewed;  once  again  the  results  are  not 
clearcut:  in  the  one  event  in  five  tests  in  which 
the  nuclear  cloud  was  certainly  viewed,  an 
apparent  local  ozone  decrease  was  observed, 
although  it  lies  within  the  statistical  error  of  the 
measurements. 

A qualitative  discussion  of  the  chemistry  and 
dispersion  of  the  point  release  of  a large  amount 
of  NO  (corresponding  to  an  atmospheric  mega- 
ton nuclear  explosion)  is  given  to  illustrate  the 
difficulty  of  drawing  useful  conclusions  from 
measurements  on  such  a release. 

The  present  discussion  may  prove  disap- 
pointing to  the  reader  in  that  its  conclusions  are 
neither  clear-cut  nor  positive.  Nevertheless,  it  has 
been  written  to  point  out  to  the  physical 
scientist  some  of  the  limitations  and  complexities 
inherent  in  analyzing  large-scale  geophysical 
phenomena  of  this  kind. 


As  the  air  cools  below  2000K,  those  chemical 
reactions  which  tend  to  deplete  the  NO  concen- 
tration become  very  slow,  so  that  the  net  NO 
concentration  stabilizes  at  about  1%.  This  heat- 
ing and  cooling  of  air  is  the  dominant  mechanism 
by  which  NO  is  produced  in  a nuclear  explosion. 
The  amount  of  NO  thus  produced  has  been 
calculated  by  a number  of  investigators,  whose 
conclusions  are  listed  in  Table  1;  for  a more 
detailed  review  of  the  problem,  see  Gilmore 
(1975).  All  investigators  agree  that  the  net  yield 
is  in  the  range  1000-10,000  tons  of  NO  per 
megaton  yield. 


Figure  1.  Equilibrium  composition  of  high- 
temperature  air  (p  - 0.1  atm;  C02,  HjO, 
and  their  decomposition  products  are 
omitted). 


THE  PRODUCTION  OF  NITRIC  OXIDE  (NO) 
BY  ATMOSPHERIC  NUCLEAR  EXPLOSIONS 
AND  ITS  PREDICTED  EFFECTS 

When  air  is  heated  to  a temperature  of  the 
order  of  2000-4000K,  which  process  requires  an 
energy  of  « 1 kt  per  1000  tons  of  air  (1  kt  = 109 
kcal  * 4.2  X 1012  J = 1.2  X 106  kWh),  1-2%  of 
the  total  air  is  transformed  into  NO.  Figure  1 
shows  the  equilibrium  composition  of  heated  air 
as  a function  of  temperature  at  0.1-atm  pressure. 


During  1961-1962,  massive  thermonuclear 
atmospheric  tests  were  carried  out  by  both  the 
United  States  and  the  USSR,  and  in  1970-1973, 
much  smaller  test  series  were  carried  out  by 
France  and  China.  The  times,  locations,  and 
yields  of  these  test  series  are  listed  in  Table  2. 

The  degree  of  atmospheric  ozone  reduction 
depends  significantly  on  the  altitude  of  NO 
injection.  Accordingly,  estimates  of  fireball  rise 
height  are  given  in  Figure  2. 
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Table  1.  Calculated  NO  Production  by  Low-Altitude  Nuclear  Explosions 


NO  Produced  per  Mt 

of  Yield  Calculation  Includes 


Molecules 

kt 

Shock 

Late  Fireball 

Reference 

0.5  X 1032 

3 

X 

Zeldovich  and  Raizer  (1967) 

0.3-2 

1.5-10 

X 

Foley  and  Ruderman  (1972) 

0.17-1 

1-5 

X 

Johnston  et  al.  (1973) 

0.3- 1.5 

15-8 

X 

Foley  and  Ruderman  (1973) 

1-2.5 

5-12 

X 

Simons  and  Caledonia  (1973) 

1 

5 

X 

Goldsmith  et  al.  (1973) 

0.4- 1.5 

2-8 

X 

X 

Gilmore  (1975) 

Table  2.  Atmospheric  Thermonuclear  Tests  Since  1961 
Date  Total  Yield,  Mt  Reference 

USSR  (Novaya Zemlya,  72°-7TN,  52°-58°E) 

Sept.  14-Oct.  31,  1961  120  (25, 58  Mt, etc.)  Foley  and  Ruderman  (1973,  Table  5) 

Aug.  5-Dec.  24,  1962  180  (20,  30  Mt,  etc.)  Foley  and  Ruderman  (1973,  Table  5) 

U.S.A.  (Christmas  Island,  1.5°N,  ISTW,  and  Johnston  Island,  I6.S°N,  169°W) 

May  2-Oct.  31,  1962  37  (‘Mt  range’)  Foley  and  Ruderman  (1973, Table  5) 

France  (Mururoa,  22° S,  139°  W) 

May  30,  1970  1 Telegadas(  1974a, Table  8) 

July  34,  1970  2 Telegadas  (1974a,  Table  8) 

Aug.  14,  1971  2 Telegadas  (1974a,  Table  8) 

China  ( Lop  Nor,  4(fN,  90° E) 

June  17,  1967  3 Zander  and  Araskog  (1973) 

Dec.  27 , 1968  3 Zander  and  Araskog  (1973) 

Sept.  29,  1969  3 Zander  and  Araskog  (1973) 

Oct.  14,  1970  3 Telegadas  (1974,  Table  8) 

June  27,  1973  2-3  Telegadas  (1974b) 
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Figure  2.  Fireball  rise  height  as  a function  of  yield  (from  Peterson,  1970)  compared  with  the 
ambient  ozone  profile  (from  Dutsch,  1971)  for  both  equatorial  and  polar  conditions. 
For  the  nuclear  cloud  ‘equatorial’  refers  to  0°-30°  latitude;  ‘polar’  refers  to  30° -90°. 
Peterson’s  polar  estimates  of  cloud  rise  appear  to  be  too  high,  as  judged  by  radioisotopic 
measurements  of  Soviet  tests:  see,  in  particular,  the  results  of  Seitz  et  al.  (1968)  for  a 
30-Mt  test.  The  results  of  Telegadas  (1974)  for  Chinese  mid-latitude  3-Mt  tests  are  also 
shown. 


The  practical  question,  which  was  first  raised 
by  Foley  and  Ruderman  (1972),  is  the  following; 

0 + O2  + X *♦  O3  + X 

(3) 

Since  the  amounts  of  NO  produced  by  these 
bombs  - especially  by  the  very  large  Soviet  test 

where  X is  the  third-body  molecule. 

series  of  1961-1962  - are  of  geophysically  sig- 
nificant magnitude,  how  large  a decrease  of 

O3  + hv(UV  or  visible)  -*■  02  + 0 

(4) 

atmospheric  ozone  would  be  expected,  and  was 
such  a decrease  observed? 

0 + 03  -*  202 

(5) 

Our  present  understanding  of  the  atmo-  -Water  cycle  (important  at  high  altitudes) 

spheric  ozone  photochemical  balance  is  outlined 


in  Table  3 and  the  equations  below  (Johnston, 

1975). 

HO  + O3  HO2  + O2 

H02  + 0 - OH  + 02 

(6) 

(7) 

-Chapman’s  oxygen-only  scheme 

Net;  0 + O3  -*•  202 

(8) 

02  + h»<UV)  -+  20 

(1) 

-NOx  cycle 

o + o + x-*o2  + x 

(2) 

NO  + O3  -*■  N02  + 02 

(9) 

357 

tudamm 
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N02  + O -►  NO  + 02  (10) 

Net:  O + Oj  -»  202  (11) 

-C10x  cycle 

Cl+03-+C10+02  (12) 

C10  + 0-+Cl  + 02  (13) 

Net:  0+03-202  (14) 


Table  3,  which  is  based  on  the  above  reactions, 
indicates  that  the  Chapman  or  ‘oxygen-only’  set 
of  chemical  reactions,  which  produce  all  the 
atmospheric  ozone,  account  for  the  removal  of 
only  about  18%  of  the  ozone.  The  largest  single 
mechanism  for  removing  ozone  from  the  atmo- 
sphere is  provided  by  the  NOx  species,  through 
the  reaction  cycle  (9)-(l  1),  which  is  several  times 
faster  than  the  direct  oxygen  reaction  (5). 

Table  3.  Global  Ozone  Balance  for  Formation  and 
Destruction  of  Ozone  by  Various 
Mechanisms  (Johnston,  1974a) 


Relative 


Mechanism 

Rate,  % 

Formation,  Oj  + sun 

+ 100 

Transport  to  troposphere 

-1 

Destruction  by  O and  Oj 

-18 

Destruction  by  water  reactions 

-11 

Destruction  by  NOx  catalysts 

-50  to  -70 

Destruction  by  C10x,  MOx,* 
or  other 

-20  to  0 

*M  denotes  metal. 


The  effects  of  the  1961-1962  test  series  on 
atmospheric  ozone  have  been  estimated  by  Foley 
and  Ruderman  (1972,  1973),  Johnston  et  al. 
(1973),  and  Chang  and  Duewer  (1973).  Nitric 
oxide  production  is  of  the  order  of  1032 
molecules  or  5000  tons  per  Mt  (Table  2).  In 
1961-1962,  some  300  Mt  were  exploded,  princi- 
pally in  the  Soviet  test  series  of  fall  1961  and  fall 
1962,  so  that  the  net  injection  rate  per  year  was 
of  the  order  of  1034  molecules  NO.  Many  of 
these  bombs  were  very  large  (see  Table  2)  and 
produced  fireballs  that  rose  above  20  km  (Figure 
2),  where  the  mean  atmospheric  residence  time 


for  injectants  is  of  the  order  of  1 -5  yr  (Reiter  and 
Bauer,  1975).  Thus  the  atmospheric  burden  due 
to  bomb  tests  is  comparable  to  the  total  amount 
of  natural  NOx,  which  is  approximately  2 X 
10 34  molecules. 

By  simply  comparing  the  amount  of  NO 
injected  from  the  bomb  tests  with  the  amount  of 
ambient  NOx  (which  at  that  time  was  estimated 
to  be  4 X 1034  molecules),  Foley  and  Ruderman 
(1972,  1973)  suggested,  without  making  calcula- 
tions, that  the  total-ozone  reduction  should  be 
greater  than  10%.  The  first  model  calculation  of 
the  ozone  decrease  due  to  the  1961-1962  nuclear 
tests  was  carried  out  by  Johnston  et  al.  (1973). 
They  used  a production  rate  of  1 X 1032  NO 
molecules,  Mt  and  assumed  that  the  NO  would 
have  the  same  distribution  as  the  radioactive 
debris.  From  the  observed  distribution  of  stron- 
tium 90  in  the  summer  of  1963,  they  derived  the 
corresponding  distribution  of  nitrogen  oxides 
a*nd  calculated  steady-state  ozone  reductions 
from  3.5  to  6.3%  as  a function  of  latitude  in  the 
Northern  Hemisphere.  The  average  ozone  reduc- 
tion was  5%  in  the  Northern  Hemisphere  and  less 
than  1%  in  the  Southern  Hemisphere. 

A more  detailed  model  calculation  was 
carried  out  by  Chang  and  Duewer  (1973).  They 
assumed  a production  rate  of  0.5  X 1032  NO 
molecules/MT  and  computed  the  effects  of  the 
pulsed  input  of  nuclear  bursts  from  1957 
through  1962,  including  the  vertical  transport 
and  removal  of  the  nitrogen  oxides,  in  a time- 
dependent  one-dimensional  model  of  the 
Northern  Hemisphere.  They  predicted  an  ozone 
reduction  in  the  Northern  Hemisphere  of  4%  in 
1 963,  falling  to  2%  by  late  1 965.  However,  they 
used  formulas  for  the  nuclear  injection  altitudes 
suggested  by  Foley  and  Ruderman  (1972, 1973) 
without  the  latter’s  correction  for  the  fact  that 
the  polar  tropopause  lies  lower  than  the  equa- 
torial tropopause.  Thus  their  injection  altitudes 
are  higher  than  those  given  by  Peterson  (1970) 
and  considerably  higher  than  those  suggested  by 
radioactive-debris  data  (see  Figure  2).  This  dif- 
ference tends  to  give  an  overestimate  of  the 
ozone  depletion. 

The  reduction  of  ozone  is  calculated  to  be 
small  because  most  of  the  tests  were  at  high 
latitudes  (>  70°N)  during  or  just  before  the  polar 
night.  Most  ozone  near  the  poles  arrives  there  by 
transport  from  the  ozone  formation  region, 
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which  is  above  23  km  in  the  tropics,  above 
28  km  in  the  summer  temperate  or  polar  zones, 
and  nonexistent  in  and  near  the  winter  pole. 
Relatively  little  nitric  oxide  injected  into  the 
lower  polar  stratosphere  ever  reaches  the  ozone 
source  region. 

To  compare  these  calculated  effects  with 
observations,  it  is  necessary  to  survey  existing 
data  on  worldwide  ozone  distribution,  and  this  is 
done  in  the  following  section. 

GROUND-BASED  GLOBAL  OZONE 

OBSERVATIONS  AND  THE  1961-1962 
ATMOSPHERIC  NUCLEAR  EXPLOSIONS 

Prior  to  the  International  Geophysical  Year 
(1957-1958)  there  were  very  few  stations  world- 
wide providing  long-term  records  on  total  atmo- 
spheric ozone.  Indeed,  only  the  relatively  closely 
spaced  stations  at  Arosa,  Oxford,  and  Tromso 
have  obtained  fairly  continuous  data  since  the 
1930’s,  although  several  other  stations  have 
records  for  a few  of  these  early  years.  Selected 
stations  since  1960  have  been  analyzed  by 
Komhyr  et  al.  (1971)  and  by  Goldsmith  et  al. 
(1973),  and  the  complete  body  of  data  since 
1957  has  been  analyzed  by  London  and  Kelley 
(1974)  and  by  Johnston  et  al.  (1973).  The  data 
since  the  1950’s  have  also  been  considered  by 
Angell  and  Korshover  (1973)  and  Christie 
(1973).  Like  most  meteorological  data,  these 
ozone  records  show  variability  on  a variety  of 
scales  of  time  and  distance:  Figure  3 indicates 
the  nature  of  the  global  data  after  the  smoothing 
introduced  by  taking  a 12-month  running  mean. 

One  significant  source  of  error  in  the  data  is 
that  the  Soviet-bloc  instrument,  the  M-83  filter 
ozonometer,  gives  results  that  are  not  strictly 
comparable  with  those  of  the  Dobson  prism 
spectrophotometer  used  elsewhere.  A side-by- 
side  comparison  of  an  M-83  and  a Dobson  meter 
has  shown  that  the  filter  instrument  reports 
systematically  greater  amounts  of  ozone  (up  to 
30%)  than  the  prism  meter  at  low  solar  angles 
(winter)  and  lower  amounts  (about  6%)  for 
nearly  overhead  sun  (summer).  Also,  the  filter 
instrument  overestimates  ozone  relative  to  the 
prism  instrument  under  hazy  conditions  and  has 
a standard  deviation  of  readings  about  five  times 
as  great  as  the  Dobson  meter  (Bojkov,  1969). 
Moreover,  the  global  coverage  of  ground-based 


Figure  3.  Twelve-month  running  mean  of  total 
ozone  (Newell,  1972).  During  the  period 
from  mid-1961  to  late  1962  there  was 
massive  nuclear  testing  in  the  atmosphere, 
but  no  unambiguous  effect  of  this  on 
ozone  can  be  seen  in  the  figure. 


ozone  instrumentation  is  far  from  adequate.  In 
many  cases,  a ground-based  station  was  operated 
for  a few  years  only;  the  coming  and  going  of 
stations  at  various  parts  of  the  world  is  capable 
of  introducing  large  distortions  in  a global-trend 
analysis.  These  features  suggest  possible  large 
systematic  errors  in  a trend  analysis. 

One  general  conclusion  of  all  the  workers 
cited  above  is  that  during  the  1957-1970  time 
period  there  was  an  overall  increase  of  5-10%  in 
total  ozone  in  the  Northern  Hemisphere  but  no 
significant  change  in  the  Southern  Hemisphere. 

More  specifically,  Johnston  et  al.  (1973) 
find  a decrease  for  1957-1961,  followed  by  a 
substantial  increase  in  1962-1970.  A comparable 
effect  is  found  by  other  workers  (in  particular, 
London  and  Kelley  (1974)).  H.S.  Johnston 
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(1974a;  see  Appendix  A of  Bauer  and  Gilmore, 
1975)  suggests  that  this  minimum  is  related  to 
the  nuclear  tests  of  1961-1962.  However,  J.K. 
Angell  (1974)  points  out  that  the  March  1961 
minimum  in  the  ‘quasi-biennial’  (or  ‘26-month’) 
oscillation  was  a particularly  strong  one;  indeed, 
Angell  and  Korshover  (1973)  in  their  analysis 
were  unable  to  find  any  effect  due  to  the 
1961-1962  nuclear  tests. 

The  long-term  data  were  examined  by  Angell 
and  Korshover  (1973)  and  by  Christie  (1973), 
especially  with  respect  to  cyclic  trends  with 
periods  longer  than  1 year.  It  seems  well- 
established  that  there  is  a quasi-biennial  oscilla- 
tion in  total  ozone  amounting  to  about  4%  for 
the  stations  considered  by  Angell  and  Korshover 
(1973).  At  Tromso  and  at  Arosa  before  1957 
there  was  a strong  correlation  of  total  ozone  with 
the  1 1-year  solar  cycle.  The  full  amplitude  of  this 
change  was  almost  10%  at  Tromso  and  about  5% 
at  Arosa  (Angell  and  Korshover,  1973).  The 
amplitude  of  this  change  for  Christie’s  ‘global 
ozone’  (largely  Arosa,  Oxford,  and  Tromso)  was 
greater  than  10%  for  two  complete  solar  cycles, 
1933-1955.  In  the  Southern  Hemisphere,  Angell 
and  Korshover  found  a correlation  of  total  ozone 
with  the  solar  cycle  with  an  amplitude  of  just 
over  1%  for  the  period  1957-1970.  For  the 
period  1957-1970  in  the  Northern  Hemisphere 
the  correlation  of  total  ozone  with  the  solar 
cycle  is  very  uncertain. 

The  whole  problem  of  the  correlation  of 
ozone  with  the  solar  cycle  is  quite  controversial 
(see  Willett,  1962,  London  and  Haurwitz,  1963; 
London  and  Oltmans,  19  73;  Paetzold,  1973).  An 
explanation  of  the  phase-shifted  correlation 
between  solar  activity  and  global  ozone  has  been 
offered  by  Ruderman  and  Chamberlain  (1975) 
and  Nicolet  (1975),  following  up  Warneck’s 
(1972)  suggestion  that  cosmic  rays  produce 
ionization  and  thus  nitrogen  atoms  and  nitric 
oxide  molecules  in  the  stratosphere.  Cosmic  rays 
are  steered  into  the  earth’s  polar  regions  by 
magnetic  fields.  These  magnetic  fields  are  modu- 
lated by  the  stream  of  charged  particles  from  the 
sun,  which  varies  with  an  1 1-year  sunspot  cycle, 
and  the  NO  molecules  produced  in  this  way 
reduce  the  ozone  concentration  by  the  well- 
known  N0x-03  catalytic  cycle. 

Johnston  et  al.  (1973;  see  also  Appendix  A 
of  Bauer  and  Gilmore,  1975)  think  that  these 
statistical  analyses  of  long-term  global  ozone  data 


indicate  that  ozone  was  affected  by  the  nuclear 
tests  of  1961-1962,  especially  since  no  effect  was 
seen  in  the  Southern  Hemisphere  but  an  ozone 
minimum  occurred  in  the  Northern  Hemisphere 
between  1961  and  1963. 

There  were  two  other  processes  operating 
during  this  1961-1963  time  period,  however, 
which  might  have  affected  the  ozone,  namely,  a 
massive  volcanic  eruption  of  Mt.  Agung  (8.5°S, 
115.5°E,  February  10-March  17,  1963)  and  a 
breakdown  of  the  ‘quasi-biennial  oscillation’  in 
the  atmospheric  motion  about  this  time.  Thus 
Angell  and  Korshover  (1973),  in  an  analysis  of 
quasi-biennial  and  long-term  fluctuations  in  total 
ozone,  suggest  that  the  Mt.  Agung  eruption 
caused*  a breakdown  of  the  quasi-biennial,  total- 
ozone  oscillation  in  the  Southern  Hemisphere 
subtropics,  with  anomalously  high  ozone  values  a 
few  months  after  the  eruption. 

A major  volcanic  eruption  might  change  the 
ozone  level  directly,  due  to  the  heterogeneous 
decomposition  of  ozone  on  dust  and  other 
material  injected  into  the  stratosphere  by  the 
eruption,  as  well  as  indirectly,  by  affecting  the 
atmospheric  motions.  It  is,  of  course,  not  clear 
how  a volcanic  eruption  in  the  Southern  Hemi- 
sphere subtropical  region  can  affect  the  ozone 
level  in  the  Northern  Hemisphere,  except  pos- 
sibly through  dynamics.  For  an  indication  of 
some  of  the  other  complexities  of  this  situation, 
see  Hofmann  et  al.  (1974),  which  relates  changes 
in  tropopause  height  to  the  stratospheric  aerosol 
burden  and  ozone  level. 

We  do  not  feel  that  presently  available  data 
permit  us  to  decide  between  such  divergent 
explanations  of  changes  in  ozone.  The  ground- 
based  data  available  during  this  time  (1957-1970) 
have  not  yet  proved  adequate  to  provide  an 
unambiguous  interpretation;  it  may  be  hoped 
that  satellite  data,  with  their  far  more  detailed 
global  coverage,  will  resolve  this  discrepancy. 

SATELLITE  OBSERVATIONS:  NIMBUS  IV 
RECORDS  OF  THE  FRENCH  AND  CHINESE 
TESTS  OF  1970  AND  LATER 

It  is  clear  from  the  previous  section  that  it  is 
very  difficult  to  detect  significant  bomb-induced 
changes  in  total  ozone  from  ground-based  instru- 
ments. However,  in  April  1970  the  Nimbus  IV 
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satellite  was  launched  with  both  UV  and  IR 
sensors  for  total  ozone,  providing  essentially 
global  coverage.  This  raises  the  possibility  of 
detecting  changes  in  total  ozone  column  by 
directly  observing  the  nuclear  cloud  several  hours 
or  days  after  the  detonation.  A simple  calcula- 
tion of  the  ozone  depletion  by  J.S.  Chang  of  the 
Lawrence  Livermore  Laboratory  (see  Appendix 
B of  Bauer  and  Gilmore,  1975)  indicates  a 
5-10%  local  depletion  in  ozone  under  these 
conditions.  Even  this  is  not  a simple  measure- 
ment, however,  because  the  ozone  data  show 
considerable  natural  fluctuations.  Accordingly, 
independent  nuclear  cloud-tracking  data  are 
desirable  to  distinguish  local  ozone  minima  due 
to  explosions  from  those  due  to  natural  atmo- 
spheric processes. 

Of  the  five  thermonuclear  tests  that  could 
have  been  observed  by  Nimbus  IV,  useful  data 


were  obtained  only  for  the  French  test  of  May 
30,  1970.  Here  Miller  et  al.  (1974)  observed,  3 
hours  after  detonation,  a small  (=»  1%)  minimum 
on  the  UV  ozone  sensor  near  the  position  of  the 
nuclear  cloud,  as  located  by  an  IR  sensor  on 
the  same  satellite.  This  minimum  was  not 
observed  on  the  previous  or  following  day  (see 
Figure  4).  A comparable  signal  was  also  observed 
with  an  IR  ozone  sensor.  To  interpret  the  signals, 
we  quote  from  the  summary  of  Miller  et  al. 
(1974): 

To  summarize,  we  have  presented  one 
(1)  case  where  the  BUV  ozone  sensor  field  of 
view  happened  to  co-locate  with  a strato- 
spheric cloud  resultant  from  an  atmospheric 
nuclear  test.  This  particular  ozone  value 
happened  to  be  lower  than  either  of  the 
points  to  the  north  or  south  and  does  not 
appear  to  be  associated  with  any  other  rela- 
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Figure  4. 


LATITUDE  (°S) 

Meridional  cross-sections  of  total  ozone  on  May  29-31,  1970  (Miller  et  al.,  1974).  Note 
the  minimum  in  total  ozone  at  22°S  latitude  on  May  30,  which  has  no  corresponding 
feature  on  May  29  or  31.  This  feature  is  interpreted  as  being  due  to  the  French 
thermonuclear  explosion  which  had  occurred  3 hours  earlier. 
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tive  minimum  in  this  region.  However,  be- 
cause the  ambient  ozone  is  not  defined  in  this 
region,  we  cannot  assign  an  accurate  relative 
number  to  this  minimum.  In  addition,  as  the 
results  of  both  the  BUV  and  IRIS  measuring 
techniques  are  model  dependent,  we  do  not 
feel  that  a definite  statement  can  be  made,  at 
this  time;  that  this  minimum  was  caused  by 
the  increase  of  nitric  oxide  by  the  nuclear 
weapons  test.  As  Chang  (private  communica- 
tion) has  estimated  that  for  a device  of  this 
magnitude  (about  1 megaton)  the  ozone 
depletion  should  be  less  than  1%  from 
ambient  at  3 hours  from  detonation,  it  is  our 
view  that  we  must  await  further  results  to 
clarify  the  situation. 

The  following  supplementary  information 
has  been  provided  by  Miller  and  Krueger.  On 
May  30,  1970,  there  were  IR  pictures  of  the 
nuclear  cloud  which  showed  that  the  satellite  was 
actually  looking  at  the  cloud;  in  this  case  the 
local  ozone  minimum  shown  in  Figure  4 was 
observed.  By  May  31  the  nuclear  cloud  was  no 
longer  observed,  and  there  was  no  evidence  for 
the  local  ozone  minimum  on  the  orbit  closest  to 
the  predicted  position  of  the  nuclear  cloud  at 
that  time.  In  none  of  the  other  four  nuclear 
events  was  there  comparable  tracking  evidence 
which  would  have  established  that  the  satellite 
was  actually  looking  at  the  cloud.  Thus  on  the 
French  test  of  July  4,  1970,  Christie  (1974) 
observed  nothing  significant,  presumably  as  a 
result  of  inadequate  tracking  information  on  the 
cloud. 

QUALITATIVE  DISCUSSION  OF  NITRIC 
OXIDE  INJECTIONS  BY  ATMOSPHERIC 
NU<  LEAR  EXPLOSIONS 

Let  us  now  ask  specifically  what  we  can 
learn  by  observing  the  ozone  reduction  associ- 
ated with  atmospheric  thermonuclear  explosions. 
Table  3 and  reactions  (1)-(10)  show  that  labora- 
tory photochemistry  and  analysis  of  atmospheric 
species  concentrations  and  residence  times  sug- 
gest that  the  catalytic  cycle 


NO  + Oj  NO2  + O2 

(9) 

N02  + O -*  NO  + 02 

(10) 

Net  O + 03  -»  202 

(ID 

is  the  principal  mechanism  for  the  removal  of 
atmospheric  ozone.  It  would  be  very  desirable  to 
obtain  a verification  of  this  statement  by  meas- 
urements taken  after  atmospheric  nuclear  explo- 
sions. It  would  be  even  more  useful  if  such 
measurements  could  give  information  on  the 
mean  residence  time  of  NOx  in  the  lower 
stratosphere,  since  this  residence  time  is  impor- 
tant for  predicting  the  effects  of  stratospheric 
aircraft  on  total  ozone  but  is  very  difficult  to 
obtain  by  other  means. 

A 100-Mt  test  series,  like  that  of  1961  or 
1962,  injects  a total  amount  of  NOx  equal  to 
perhaps  10-25%  of  the  ambient  atmospheric 
burden  and  has  been  predicted  by  Johnston  et  al. 
(1973)  and  by  Chang  and  Duewer  (1973)  to 
produce  a 4-5%  reduction  in  total  ozone  in  the 
Northern  Hemisphere.  Unfortunately,  the  data 
are  not  good  enough  either  to  confirm  or  to 
contradict  this  prediction. 

A 2-Mt  atmospheric  nuclear  explosion  in  the 
tropics,  such  as  the  French  test  of  1970,  pro- 
duces a cloud  containing  about  10,000  tons  of 
NO,  whose  top  rises  to  about  20  km  (see  Figure 
2).  In  the  tropics,  about  9%  of  the  total  ozone 
lies  below  20  km,  and  as  a result  of  atmospheric 
dispersion  the  concentration  of  injected  NOx 
equals  the  ambient  ozone  concentration  near 
20  km  some  2-3  days  after  the  injection  (cf. 
Bauer  and  Gilmore,  1975). 

The  direct  reaction  (?)  is  quite  fast,  with  a 
characteristic  time  of  some  minutes  at  20  km. 
while  reaction  (10)  is  very  much  sir  wer.  Thus  the 
dip  in  total  ozone  observed  on  Nimbus  IV  by 
Miller  et  al.  (1974)  and  possibly  associated  with 
the  nuclear  explosion  (see  Figure  4)  can  be 
explained  entirely  in  terms  of  reaction  (9) 
without  reference  to  the  other  parts  of  the 
catalytic  cycle.  This  is  rather  disappointing, 
because  if  several  parts  per  billion  of  NOx  in  the 
stratosphere  control  the  concentration  of  several 
parts  per  million  of  ozone,  each  NO  molecule 
must  be  recycled  some  thousands  of  times 
through  reactions  (9)  and  (10)  or  their  equivalent 
before  it  is  lost  (presumably  by  formation  of 
HNOj,  diffusion  to  the  troposphere,  and  even- 
tual rainout).  One  might  hope  that  an  ‘atmo- 
spheric experiment’  of  the  scale  of  a release  of 
the  order  of  10,000  tons  of  NO  would  be  large 
enough  to  verify  this  catalytic  cycle  and  loss  rate 
of  NOx,  but  in  fact  we  see  that  the  observations 
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of  Nimbus  IV  at  best  merely  verify  the  direct 
reaction  (9),  which  is  well  established  in  the 
laboratory. 

It  is  simple  to  do  a comparable  analysis  for  a 
much  smaller  release  (see,  e.g.,  Bauer  and 
Gilmore,  1975),  and  one  can  show  that  smaller 
releases,  whose  identity  and  integrity  (i.e., 
observability)  are  dissipated  much  faster  than 
those  of  a bigger  release,  cannot  serve  to  demon- 
strate anything  other  than  the  well-known  direct 
reaction  (9). 

CONCLUSIONS 

1 . There  exist  worldwide  ozone  data  from 
about  1957  onward  that  can  be  used  to  deter- 
mine long-term  global  trends,  on  a scale  of  a 
decade  or  a solar  1 1-year  cycle.  The  introduction 
of  satellite  data  from  1970  onward  provides  a 
dramatic  improvement  in  the  quality  of  the  data, 
insofar  as  they  are  continuous. 

2.  There  is  general  agreement  within  a 
factor  of  3 up  or  down  on  the  predicted  ozone 
depletion  due  to  NOx  injection  by  the 
1961-1962  atmospheric  thermonuclear  explo- 
sions, and  the  predicted  depletion  falls  within  the 
random  variability  of  the  available  data.  While 
there  is  certainly  no  disagreement  between  obser- 
vations and  predictions,  this  is  not  the  same  as  a 
positive  confirmation. 

3.  Satellite  observations  from  Nimbus  IV 
of  the  French  and  Chinese  thermonuclear  explo- 
sions of  1970  and  later  provide  little  definite 
information;  in  only  one  out  of  five  events  has 
any  effect  been  observed,  and  this  was  small 
(within  the  observational  error)  and,  if  real,  can 
be  explained  in  terms  of  the  well-studied  direct 
reaction  between  NO  and  03.  Thus  again  these 
satellite  observations  provide  no  confirmation  or 
refutation  of  the  stratospheric  NOx-Oj  cycle, 
nor  do  they  provide  the  lifetime  of  NOx  injected 
into  the  stratosphere. 
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INTERPRETATION  OF  LARGE-SCALE  EXPERIMENTS 


DISCUSSION 

MACHTA:  We’ve  looked  at  three  of  the  Chinese  events, 
using  meteorological  trajectories  to  determine  when  the 
debris  passed  over  Japan.  In  one  case  we  actually 
confirmed  this  by  monitoring  radioactivity  in  the  lower 


stratosphere  over  Japan.  In  each  case,  the  ozone  level 
rose.  In  a case  confirmed  by  radioactivity  measure- 
ments, total  ozone  rose  30%,  which  is  one  of  the  largest 
rises  we’ve  ever  seen  from  day  to  day.  It  did  not  occur 
at  just  one  station;  all  the  stations  in  Japan  responded  in 
the  same  way. 
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ABSTRACT:  Results  of  laboratory  studies  are  presented  for  six  OH-radical  reactions  and  one  Cl-atom 
reaction,  Cl  + O 3 -»  CIO  + Oj,  using  the  discharge-flow  configuration  with  resonance-fluorescence 
detection  of  either  OH  or  Cl.  The  recombination  reactions  of  OH  with  NO  and  NOj  and  the 
bimolecular  reactions  with  O3,  CH^,  HC1,  and  HNO3  were  investigated  over  temperature  ranges  from 
about  230  to  450K  (290  to  450K  for  CH4  and  HNOj).  Their  stratospheric  importance  is  pointed  out. 
New  data  are  presented  for  the  Cl  + 03  reaction,  the  first  step  in  the  catalytic  C10x  chain,  which  show 
it  to  be  about  40%  slower  at  stratospheric  temperatures  than  an  earlier  published  estimate. 


INTRODUCTION 

It  has  become  increasingly  clear  that  the 
principal  loss  processes  for  “odd  oxygen” 
(O  + O3)  in  the  mid-  and  upper  stratosphere,  the 
region  where  the  local  steady  state  is  controlled 
by  photochemistry,  consist  of  intricately  inter- 
locking catalytic  cycles  which  involve  the  species 
Ox , HOx , NOx , C10x,  and  possibly  still  others,  as 
well  as  many  of  their  cross-products  and  com- 
binations. From  the  simplicity  of  the  Chapman 
scheme  with  its  4 steps  we  have  advanced  to  the 
complexity  of  the  O-H-N  system  with  about  50 
steps,  10-15  of  which  are  of  major  importance, 
and  to  the  Cl  system  with  an  additional  40  steps, 
8-10  of  which  need  to  be  known  fairly  accu- 
rately. As  if  that  task  were  not  enough  to  keep  a 
battery  of  laboratory  kineticists  busy  for  many 
years,  there  are  many  other-processes  whose  rates 
must  be  known  even  though  they  are  not  directly 
involved  in  ozone  catalysis,  such  as  those  which 
remove  precursors  of  potential  catalysts  or  others 
which  represent  source  or  loss  processes  for 
species  whose  measured  altitude  profiles  may  be 
used  to  deduce  a one-dimensional  eddy-diffusion 
coefficient. 

In  view  of  this  urgent  need  it  is  well  to  set 
down  the  principal  requirements  for  the  acquisi- 
tion of  reliable  rate  data:  (1)  Elementary  re- 
actions ought  to  be  measured  as  directly  as 
possible,  rather  than  being  calculated  from  the 
results  of  bulk  rate  measurements  in  terms  of 


complicated,  assumed  mechanisms.  (2)  The 
temperature  dependence  should  be  established 
experimentally  over  a sufficiently  large  range  so 
as  to  make  long  empirical  or  theoretical  extrapo- 
lations unnecessary.  (3)  Those  molecular  states 
(electronic,  vibrational)  which  are  not  easily 
relaxed  by  collisions  with  inert  carrier  gas  should 
be  clearly  identified  and  their  course  of  reaction 
followed.  (4)  The  pressure  dependence  should  be 
investigated  for  those  reactions  (recombinations 
and  dissociations)  in  which  energy  transfer  is  one 
of  the  major  steps  of  the  overall  process. 

This  is  not  to  say,  of  course,  that  bulk 
thermal  or  photochemical  reaction  studies  can- 
not provide  interesting  and  useful  results  when 
enough  information  is  available  on  the  overall 
mechanism,  but  the  more  direct  methods  - 
whose  versatility,  sensitivity,  and  accuracy  have 
been  greatly  improved  in  recent  years  — are 
clearly  to  be  preferred.  Two  principal  ones,  the 
flash-photolysis  and  discharge-flow  techniques, 
are  compared  in  Table  1 ; it  can  be  seen  that  these 
methods  complement  each  other  very  well:  Flash 
photolysis  is  relatively  free  from  surface  inter- 
ference and  operates  well  at  high  pressures; 
discharge-flow,  on  the  other  hand,  is  able  to 
generate  and  bring  together  almost  any  desired 
species  and  follow  their  reaction  under  steady- 
state  conditions  by  variation  of  the  spatial 
position  of  a movable  injector  of  one  of  the 
reactants  or  by  similar  variation  of  the  source  or 
detector.  The  work  described  here  uses  the 
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discharge-flow  technique  in  the  fixed-source, 
fixed-detector,  movable-reactant-injector  con- 
figuration, and  derives  its  high  sensitivity  from 
the  application  of  resonance-fluorescence  detec- 
tion, a method  also  employed  by  some  recent 
flash-photolysis  studies.  The  present  paper 
consists  of  two  parts:  (i)a  brief  review  of  the 
published  results  of  kinetic  data  on  six  reactions 
of  OH  radicals,  carried  out  mainly  in  an  older 
apparatus,  and  (2)  new  work  on  the  Cl  + 03 
reaction  in  a new  system. 


Table  1.  Comparison  of  Experimental  Kinetics 
Techniques 


Flash 

photolysis 


Discharge-flow 


Advantages 

High  sensi- 
tivity 

Absence  of 
surface  effects 

Wide  pressure 
range 


Wide  range  of 
production  and 
detection 
methods 

High  sensi- 
tivity 

Steady-state 

measurement 

Short  “mixed 
time”  of 


Disadvantages 

Photolytic 

generation 

Interference  by 

diluents, 

reactants 

Reactive  initial 


Surface  effects 

Limited  pres- 
sure range 

Data  analysis  in 
fixed  detector 
configuration 


EXPERIMENTAL 

The  principle  of  our  measurements  has  been 
described  in  several  earlier  publications 
(Anderson  and  Kaufman,  1972;  Anderson  et  al., 
1974;  Anderson  and  Kaufman,  1973;  Margitan 
et  al.,  1974;  Margitan  et  al„  1975;  Zahniser  et  al., 
1974)  and  will  be  reviewed  very  briefly.  Reactive 
species  are  generated  upstream  of  the  2.54-cm- 
diameter  flow  tube  in  microwave  discharges 
either  directly  (as  for  Cl  atoms  in  dilute 
(•£0.01%)  Clj-He  mixtures)  or  indirectly  (as  for 
OH  radicals,  which  are  produced  by  the  H + N02 
reaction  from  dilute,  discharged  H2-He  mix- 
tures). At  total  pressures  of  1 to  10  torr  in  inert 
carrier  gas  (He,  Ar,  N2),  i.e.,  densities  of  about 
1017cm'3,  atom/radical  reactants  are  thus 


produced  at  densities  of  about  1011  cm-3  and 
excess  staljle  reactant  is  added  at  about 
10I3cm'3  through  a movable  injector.  High 
detection  sensitivity  for  either  OH  or  Cl  of 
> 109  cm'3  thus  keeps  the  reactive  species  at 
mole  fractions  of  10"*  to  10-6  and  the  other 
reactants  at  10"3  to  10"4,  and  minimizes  the 
perturbation  of  flow  parameters  by  added  re- 
actants. Linear  flow  velocities  range  from  1 to 
4X  103cmsec'1,  and  surface  reactions  are 
inhibited  by  coating  the  flow  tube  with  meta- 
phosphoric  acid  and  heating  it  to  450K  under 
vacuum.  Under  normal  experimental  conditions, 
the  desired  atom  or  radical  reaction  is  studied 
under  pseudo-first-order  conditions  and  the  com- 
peting surface  removal  reaction  cancels  out  in  the 
analysis,  provided  such  removal  is  not  affected 
by  the  added  reactant.  Nevertheless,  its  rate 
constant,  kw,  was  measured  repeatedly  by 
generating  the  reactive  species  at  varying  posi- 
tions in  the  flow  tube.  Values  of  kw  of  10  to 
15  sec'1  for  OH  and  about  2 sec"1  for  Cl  were 
obtained,  much  smaller  than  the  effective  first- 
order  rate  constants  for  the  desired  gas-phase 
reactions. 

The  OH  + HC1  measurements  (Zahniser 
et  al.,  1974)  and  the  present  results  on  Cl  + 03 
were  carried  out  in  the  new  modular  flow-tube 
apparatus  shown  in  Figure  1,  which  is  fitted  with 
a vacuum  uv  monochromator  and  detector 
(McPherson,  Model  218)  and  several  fluores- 
cence-scattering cells.  For  Cl-atom  fluorescence 
measurements,  the  emission  of  a He-plus-trace- 
Cl2  microwave  discharge  'imp  was  used  at 
134.72  nm,  the  strongest  line  of  the  2P-2P  transi- 
tion. Under  the  chosen  conditions  this  emission 
was  slightly  self-absorbed,  but  it  maximized  the 
ratio  of  signals  in  the  presence  and  absence  of 
Cl-atoms  in  the  flow  tube,  where  the  optical 
depth  was  always  kept  very  low,  i.e., 
[Cl]  <1011cm'3.  A typical  semi-logarithmic 


Figure  1.  Diagram  of  apparatus. 
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decay  plot  of  Cl  due  to  its  reaction  with  03  is 
shown  in  Figure  2.  It  covers  a full  two  orders  of 
magnitude.  65  such  experiments  were  run  at 
temperatures  from  200  to  360K,  as  shown  in  the 
Arrhenius  plot  of  Figure  3,  with  a least-squares 
fit  given  by  the  expression  2.17  X 10" 11 
exp  [-338  cal  mole'1  /RT]  cm3  sec'1.  The  ran- 
dom errors  in  repeated  experiments  at  any  one 
temperature  were  in  the  8 to  10%  range,  but 
when  systematic  errors  of  all  measured  variables 
are  included,  the  above  rate-constant  expression 
is  thought  to  give  values  accurate  to  20%  (single 
standard  deviation)  over  the  experimental 
temperature  range. 


Injector  Distonce  from  Fluorescence  Cell,  cm 

Figure  2.  Typical  experimental  decay  plot. 


DISCUSSION 

The  earlier  work  on  OH  reactions  is  sum- 
marized in  Table  2.  The  two  recombination 
reactions  with  NO  and  N02  were  investigated 
essentially  at  their  low-pressure,  third-order  limit 
where  they  display  the  expected  M-dependence 
(N2  about  twice  as  effective  as  He  or  Ar)  and 
negative  T-dependence  controlled  by  the  energy- 
dependent  redissociation  of  the  HN02t  or 


T *K 


ioVt'k 

o Cl»na  and  Wolion,  (l.8S±  0 56  | X I0'"cm,»ac'1 

Figure  3.  Arrhenius  plot  for  Cl  + 03  reaction,  o, 
Clyne  and  Watson,  (1.85  ± 0.36)  X 10' 11 
cm'3  sec'1.  Figures  in  parentheses  indicate 
the  number  of  experiments  averaged  to 
give  each  point. 

HNOjt  collision  complex.  The  recombination 
rate  constants  are  large,  showing  the  processes  to 
be  fully  allowed,  as  expected,  and  the  complex 
to  be  loose.  RRKM  calculations  have  been 
reported  for  several  assumed  geometries  of  the 
activated  state  (Tsang,  1973). 

Of  the  two  recombinations,  the  one  with 
N02  is  much  the  more  important,  since  it  links 
the  HOx  and  NOx  cycles  and  forms  the  stable 
molecule  HNO3,  whose  atmospheric  concen- 
tration has  been  measured  repeatedly  and  which 
is  water-soluble  and  thereby  rained  out  of  the 
troposphere.  It  is  interesting  to  note,  moreover, 
that  this  recombination  is  in  its  “fall-off”  regime 
at  the  pressures  of  the  lower  stratosphere 
(Anderson  et  al.,  1974)  and  that  a reasonably 
realistic  and  sophisticated  kinetic  model  must  be 
used  for  the  recombination  in  order  to  attain  the 
accuracy  required  in  stratospheric  modeling. 

The  OH  + O3  reaction  has  been  invoked  as 
well  as  eliminated  from  stratospheric  considera- 
tion several  times  during  the  past  15  years,  on 
the  basis  of  various  estimates  of  its  rate  constant, 
which  have  ranged  from  < 5 X 1 O'1 3 cm3  sec'1 
by  one  of  us  (Kaufman,  1964)  to  < 10" 16  by 
Langley  and  McGrath  (1971).  The  value  reported 
by  us  more  recently  (Anderson  and  Kaufman, 
1973)  has  since  been  further  confirmed  by 
DeMore  and  Tschuikow-Roux  (1974)  and  is 
qualitatively  supported  by  the  work  of 
Simonaitis  and  Heicklen  (1974).  The  H0X  cycle 
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Table  2.  Hydroxyl-Reaction  Studies  (1  < P < 10  Torr) 


Reaction 

OH  + NO  + M - HN02  + M 

km  = 3.3,  3.4,  5.8  X 10'3>  cm6/sec 
He,  Ar,  N2 

OH  + N02  + M - HN03  + M 

k1"  = 1.0,  1.0,  2.3  X 10  30  cm6/sec 
He,  At,  N2 


Temperature  Range 
Dependence 


Reference 


230  < T < 45 OK 
•j-2.4 


(Anderson  and  Kaufman,  1972; 
Anderson  et  al.,  1974) 


230  < T < 450K 


(Anderson  and  Kaufman,  1972; 
Anderson  et  al.,  1974) 


OH  + 03  - H02  + 02 

.11  _ , , „ ,n-l2  |-1900  cal/mole  1 3, 

k = 1.3  X 10  u exp 1 cmJ/sec 


OH  + CH4  - H20  + CH3 


k11  = 3.8  X 10-»3exp[:3-600gmolej  cm3/sec 


OH  + HN03  - H20  + N03 
k"  = 0.89  X 10'13  cm3/sec 


OH  + HC1  - H20  + Cl 

k»  =2.0X10»3exp^Cffmolejcm3/sec 


220  < T < 45 OK 


290  < T < 44 OK 


295  < T < 464K 


224  < T < 460K 


(Anderson  and  Kaufman,  1973) 


(Margitan  et  al.,  1974) 


(Margitan  et  al.,  1975) 


(Zahniser  et  al.,  1974) 


is  thereby  back  in  contention;  it  acquires  major 
importance  in  the  upper  stratosphere  but 
accounts  for  only  about  one-sixth  of  the  total  03 
loss  processes. 

The  CH4  reaction  is  of  indirect  importance 
as  one  of  two  major  loss  processes  for  methane, 
which  is  unreactive  in  the  troposphere  and  whose 
altitude  profile  has  been  used  to  determine  an 
effective  eddy-diffusion  coefficient  for  one- 
dimensional modeling  calculations.  The  result 
summarized  here  (Margitan  et  al.,  1974)  is  in 
good  agreement  with  two  other  studies,  but 
disagrees  with  Wilson’s  review  (1972),  in  which 
the  activation  energy  was  obtained  by  combining 
high-temperature  and  room-temperature  results 
of  different  investigations.  Even  so,  the  activa- 
tion energy  suggested  by  Wilson  was  only 
1.3kcal  mole'1  higher  than  ours,  and  his 
extrapolated  rate  constant  at  200K  was  a factor- 
of-two  lower  than  that  of  the  three  most  direct 
studies. 


The  successful  study  of  the  OH  + HN03 
reaction  shows  the  versatility  of  the  experimental 
method-as  it  involves  a highly  corrosive,  normally 
liquid,  and  strongly  adsorbed  reactant.  The  latter 
property  brings  about  a positive  intercept  in  the 
extrapolated  plot  of  observed  pseudo-first-order 
rate  constant  vs.  HN03  concentration  as 
[HN03]  approaches  zero.  This  intercept  is  due 
to  the  reaction  of  OH  with  adsorbed  HN03,  but 
it  begins  to  interfere  seriously  with  the  kinetic 
analysis  only  at  the  lowest  temperature  of  this 
study  (272K),  where  the  surface  reaction 
accounts  for  about  half  of  the  total  OH  loss.  The 
result,  a temperature-independent  value  of 
(0.89  ± 0.13)  X 10-13  cm3  sec'1  is  in  excellent 
agreement  with  that  of  a flash-photolysis  investi- 
gation by  Zellner  and  Smith  (1974).  In  the  lower 
stratosphere,  HN03  is  formed  by  the  recombina- 
tion of  OH  with  N03  discussed  above,  and  is 
destroyed  by  photolysis  and  by  the  OH  + HN03 
reaction.  During  the  day,  the  last  reaction  may 
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be  a minor  branch;  however,  if  the  OH  + H02 
reaction  rate  constant  turns  out  to  be  lower  than 
the  improbably  high  value  of  2X  10" 10  cm3 
sec'1,  the  stratospheric  hydroxyl  concentration 
will  be  greater  and  the  OH  + HNOj  reaction 
relatively  more  important.  At  night,  it  is  the  only 
major  HN03  loss  process,  of  course. 

The  last  of  the  OH  reactions,  that  with  HC1, 
which  was  investigated  in  the  new  apparatus,  is 
part  of  the  C10x  scheme,  where  it  is  the  major 
step  regenerating  catalytically  active  Cl  species 
from  the  relatively  inactive  and  more  easily 
rained-out  HC1.  The  reaction  is  therefore  of 
major  importance,  since  there  would  be  little 
cause  for  alarm  about  any  Cl-catalyzed  ozone 
removal  if  HC1  were  irretrievable,  i.e.,  if  the 
OH  + HC1  reaction  were  very  slow.  Unfortu- 
nately, this  is  not  the  case,  as  Table  2 shows:  the 
reaction  is  quite  rapid  and  has  a negligible  energy 
barrier.  Again,  there  is  very  good  agreement  with 
the  results  of  a flash-photolysis  study  by  Smith 
and  Zellner  (1974).  The  present  measurements 
extend  to  224K  at  their  low-temperature  end,  so 
only  very  slight  extrapolation  is  required  for 
stratospheric  modeling  calculations. 

Last,  the  new  results  on  the  Cl  + 03  reaction 
need  to  be  discussed,  compared  with  other 
studies,  and  assessed  for  their  stratospheric 
importance.  As  Figures  2 and  3 show,  this 
reaction  removes  Cl-atoms  rapidly  and  cleanly, 
has  virtually  no  activation  barrier,  and  is  not 
followed  by  other  steps  (such  as 
CIO  + O3  -*•  Cl  + 202)  which  would  regenerate 
Cl-atoms.  It  does  show  a slight  temperature 
dependence,  which  amounts  to  a decrease  from 
1.3  to  1.0  X 10"11  cm3  sec"1  as  the  temperature 
is  lowered  from  300  to  200K.  The  present  value 
is  30%  lower  than  the  only  published  result  of 
1.85  X 10" 1 1 at  298K  (Clyne  and  Watso-,  1974), 
but  since  the  older  value  was  also  used  at 
stratospheric  conditions,  in  the  absence  of  low- 
temperature  data,  the  necessary  correction  factor 
becomes  larger.  Other,  as  yet  unpublished  results 
confirm  the  lower  values:  a re-measurement 
giving  (1.33  ± 0.26)  X 10" 11  at  298K  by  Clyne 
and  Nip  (1975),  and  a temperature-dependence 
study  by  Watson  et  al.  (1976)  who  report  an 
Arrhenius  expression  of  (3.08  ± 03)  X 10"1 1 
exp  (-(576  ± 60)/RT]  at  220  to  350K.  The 
latter  is  in  good  agreement  with  our  findings  at 
300K  but  falls  about  25%  below  ours  at  200K. 
All  of  these  measurements  have  the  effect  of 
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confirming  the  large  rate  of  this,  the  first  step  in 
the  catalytic  CIOx  scheme,  but  they  show  it  to 
be  a factor  of  1.7  to  2 slower  than  had  earlier 
been  estimated  and  used  in  modeling  calcula- 
tions. The  full  evaluation  of  the  C10x  scheme 
awaits  additional  kinetic  results  on  Cl  + CH4  as 
well  as  on  CIO  + O and  CIO  + NO. 
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ABSTRACT:  The  technique  of  flash  photolysis/resonance  fluorescence  has  been  utilized  to  study  the 
temperature  dependences  of  three  chlorine-atom  reactions  of  considerable  fundamental  importance  to 
stratospheric  chemistry.  These  reactions  have  been  studied  under  a wide  range  of  experimental 
conditions  to  ensure  the  absence  of  complicating  secondary  processes.  The  reactions  of  interest  (with 
their  corresponding  rate  constants)  are  expressed  in  units  of  cm 3 molecule' 1 s' 1 : 

kl 

Cl  + Oj-*  C10  + 02;  aU298  = -164  kJ  mol'1 

k,  = (3.08  t 0.30)  X lO'1 1 exp-(576  ± 50/RT)  (220-350K) 

k2 

Cl  + CH4  -*•  CHj  + HC1;  AU°298  = +6.4  kJ  mol'1 

k2  = (7.44  ± 0.7S)  X 10'12  exp-(2437  t 110/RT)  (218-401K) 

k3 

Cl  + H2  -*  H + HCI;  AC298  = +4.0  kJ  mol'1 

k3  = (5.50  ± 0.5)  X 10'11  exp-(4750  t 100/RT)  (213-350K) 

In  addition,  the  following  reaction  was  studied  at  300K: 
k4 

Cl  + H202  -+  HCI  + H02;  AU°29g  = -56.8  kJ  mol'1 
k4  * 5.8  X 10'13  (±  factor  2.0) 

A direct  implication  of  the  new  rate  data  is  the  need  to  revise  downward  by  a factor  of  ««  2.5  the 
magnitude  of  the  C10x-caused  stratospheric  ozone  perturbation  predicted  by  earlier  model 
calculations. 

has  been  proposed  that  these  contaminants, 
many  of  which  have  been  observed  in  the 
troposphere  and  lower  stratosphere,  can  photo- 
lyze,  or  react  with  free  radicals,  producing  Cl 
atoms  or  CIO  radicals,  and  thus  promoting  the 
destruction  of  odd  oxygen  (odd  oxygen  = 0(3P) 
and  03).  The  results  of  some  model  calculations 
predict  that  the  presence  of  C10x  (C10x  = CIO, 
HCI,  Cl,  OCIO,  ClOO)  in  the  stratosphere  at 
concentration  levels  in  excess  of  1 ppb  (v/v) 
would  cause  a significant  (>  2%)  perturbation  of 
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INTRODUCTION 

Within  the  past  year,  a series  of  papers  has 
appeared  in  the  literature  dealing  with  the 
possible  effects  of  the  presence  of  chlorine- 
containing  species  of  natural  (e.g.,  CH3CI)  and 
anthropogenic  (e.g.,  CF2C12)  origin  in  the  strato- 
sphere (Cicerone  et  al.,  1974,  1975;  Crutzen, 
1974;  Crutzen  and  Isaksen,  1976;  Molina  and 
Rowland,  1974;  Rowland  and  Molina,  1975; 
Wofsy  and  McElroy,  1974;  Wofsy  et  al.,  1975).  It 


(300K) 
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the  integrated  ozone  column  density.  Quantita- 
tive model  calculations  require  knowledge  of  the 
net  upward  flux  of  chlorine-containing  species 
through  the  tropopause,  and  their  subsequent 
fate  in  the  stratosphere,  as  well  as  accurate 
rate-constant  data  for  the  key  reactions. 

The  key  chlorine  reactions  which  participate 
in  stratospheric  chemistry  are: 

Cl  + 03 ->C10  + 02  (a) 

C10  + 0->-Cl  + 02  (b) 

NO  + CIO  -»•  N02  + Cl  (c) 

Cl  + RH  -*•  R + HC1  (d) 

0H  + HCl-*-H20  + Cl  (e) 

where  RH  = CH4;  H2;  H202;  or  H02.  In  the 
C10x  system,  reactions  (a)  and  (b)  are  those 
primarily  responsible  for  the  conversion  of  odd 
oxygen  into  molecular  oxygen.  It  can  be  shown 
that  the  efficiency  (/>)  of  the  C10x  catalytic  cycle 
is  governed  by  the  rate  of  reaction  (b): 

P a 2kb  [O]  [CIOJ  (I) 

If  steady-state  conditions  are  assumed  for  [O] 
and  [CIOJ,  the  following  alternate  expression 
can  be  derived: 

^akbkeJal°3l2lHC1ltOHl 
P “ kd[RHl{kbJa(°3l  + kckflNO|  [Ojl  [Ml}  (H) 

where  Ja  is  the  photodissociation  constant  for 
O3,  and  kf  is  the  rate  constant  for  the  third-order 
recombination  reaction  of  oxygen  atoms  with 
molecular  oxygen.  From  equation  (II)  it  can  be 
seen  that  the  catalytic  efficiency  is  highly 
dependent  upon  several  rate  constants,  many  of 
which  have  received  only  limited  study. 

The  present  work  provides  an  absolute  deter- 
mination of  the  rate  constants  of  the  chlorine- 
atom  reactions  with  ozone,  methane,  and 
hydrogen,  over  a wide  range  of  temperature  and 
pressure,  to  insure  that  the  results  can  be  directly 
applied  to  atmospheric  model  calculations.  In 
addition,  a limited  study  of  the  reaction  of  Cl 
with  H202  was  performed  at  300K  to  ascertain 
whether  this  reaction  is  important  in  the  strato- 


sphere. The  experimental  technique  used 
in  this  study  was  flash  photolysis/resonance 
fluorescence. 

EXPERIMENTAL 

The  experimental  details  and  operating 
principles  of  the  flash-photolysis/resonance- 
fluorescence  techniques  have  been  fully 
described  in  the  literature  (Davis  and  Klemm, 
1972;  Davis  et  al.,  1972,  1974).  Consequently, 
only  recent  modifications  and  essential  details 
will  be  discussed. 

Two  reaction  cells  were  used  in  this  work: 
(1)  a black-anodized  aluminum  cell  with  an 
internal  volume  of  * 850  cm3  for  methane  and 
hydrogen,  and  (2)  a Pyrex  cell  with  an  internal 
volume  of  =»  150  cm3  for  ozone  and  hydrogen 
peroxide,  due  to  their  susceptibility  to  heteroge- 
neous decomposition  on  metal  surfaces.  The  cell 
temperature  was  controlled  to  within  ± 0.5K  by 
flowing  methanol  (235-325K)  or  ethylene  glycol 
(298-400K)  from  a thermostated  circulating  bath 
through  the  outer  jackets  of  the  reaction  vessels. 
Temperatures  below  235K  could  be  controlled  to 
within  ± 2K  using  cooled  dry  N2.  An  iron- 
constantan  thermocouple  was  used  in  conjunc- 
tion with  a wheatstone-bridge  resistance  box  to 
measure  temperature,  with  a precision  of  better 
than  0.5K. 

Atomic  chlorine  was  produced  from  the 
flash  photolysis  of  CC14  or  CF2C1CFC12  by  a N2 
spark-discharge  lamp  in  the  presence  of  a reactive 
reagent  (e.g.,  CH4,  H2,  03,  H202)  and  a large 
excess  of  the  diluent  gas  He  or  Ar.  The  mecha- 
nism for  CC14  photodecomposition  has  been 
shown  to  be  (Davis  et  al.,  1975): 

CC14  + hv  (X  > 1 65  nm)  -*■  CC13  + Cl 

-*•  CC12  + 2C1  (or  Cl2) 

The  spark-discharge  lamp  was  equipped  with  a 
window  made  of  LiF,  MgF2,  sapphire,  or  Supra- 
sil,  depending  upon  the  reagent  present  in  the 
reaction  cell.  A Suprasil  window  was  usually 
chosen  to  eliminate  the  production  of  reactive 
intermediates  from  the  photodecomposition  of 
the  added  reagent  (e.g.,  CH4  + hv  -*•  CH2  + H2) 
(Ausloos  et  al.,  1964;  Braun  et  al.,  1966;  Leigh- 
ton and  Steiner,  1936;  Mahan  and  Mandal,  1962) 
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whose  presence  could  lead  to  kinetic  complica- 
tions. Chlorine  atoms  formed  in  the  2Pj/2  state 
should  be  rapidly  quenched  into  the  2P3^2 
ground  state  by  collision  with  CC14  (Donovan 
et  al.,  1969).  Chlorine  atoms  thermally  equili- 
brated at  300K  should  then  have  a population  of 
0.8%  in  the  2P, y2  state  (the  2P]/2  state  hes 
s=  800  cm'1  above  the  2P3^2  state). 

Using  published  absorption  cross-section 
data  for  CC14  (Watson,  1974,  1976)  and  flash- 
lamp  fluxes  (flash  energy  80  J)  based  on  ethylene 
actinometry,  it  was  calculated  that  typical 
chlorine-atom  concentrations  of  «5  X 1010 
atoms  cm'3  were  produced  with  a CC14  concen- 
tration of  2 X 10 15  molecules  cm'3.  Initial 
chlorine-atom  concentrations  were  varied  from 
1010  to  2 X 1011  atoms  cm"3  by  varying  the 
flash  energy  from  20  to  250  J ( [CC14 ] = 2 X 
1015  molecules  cm'3),  and  from  1010  to  1011 
atoms  cm'3  by  varying  [CC14]  from  3 to  50  X 
1014  molecule  cnr3  (flash  energy  = 80  J). 

Chlorine  atoms  were  detected  with  a 
discharge-flow  chlorine  resonance  lamp,  the  gas 
mixture  consisting  of  < 1%  of  Cl2  in  Ar.  As  in 
previous  studies  (Davis  and  Klemm,  1972;  Davis 
et  al.,  1972,  1974),  photon-counting  electronics 
were  used  throughout  this  study.  The  linear 
relationship  between  chlorine-atom  concentra- 
tion and  the  observed  fluorescence  intensity  was 
established  by  varying  the  [Cl]  via  a variation  in 
the  flash  energy  over  a range  of  a factor  of  20. 

Each  reaction  was  studied  using  pseudo-first- 
order  kinetic  conditions,  i.e.,  [Reagent]  0/ [Cl]  0 
> 600;  as  expected,  the  chlorine-atom  concentra- 
tion decayed  exponentially  with  time.  Because 
the  initial  chlorine-atom  concentration  was  kept 
low,  multiple  flashes  (5-200)  on  a single  gas 
mixture  were  required  to  produce  a single 
smooth  kinetic  decay  curve.  However,  the  num- 
ber of  flashes  per  gas  mixture  was  limited  such 
that  the  decomposition  of  the  added  reagent 
(CH4,  H2,  H202,  03)  was  always  less  than  3%. 
In  some  cases,  therefore,  several  fillings  of  an 
identical  gas  mixture  were  used  to  develop  a 
single  experimental  decay  curve. 

Gas  pressures  of  less  than  6 torr  were  meas- 
ured using  an  MRS  Baratron  pressure  gauge 
which  was  periodically  checked  against  a dibutyl 
phthalate  manometer.  The  high-pressure  meas- 
urements (20-800  torr)  were  made  with  a two- 
turn  Bourdon  gauge  (Wallace  and  Tiernan  type 


FA-145).  It.  was  estimated  that  the  precision  to 
which  CH4/He  and  H2/He  gas  mixtures  could  be 
prepared  was  better  than  « 1%,  but  was  only 
« 3-5%  for  Oj/He  mixtures  because  of  uncer- 
tainties in  the  determination  of  ozone  concentra- 
tion caused  by  small  but  significant  amounts  of 
heterogeneous  decomposition  and  by  experi- 
mental error  in  the  measurement  of  [03]  by  uv 
absorption  at  260  nm.  The  CC14  and 
CF2C1CFC12  pressures  were  measured  somewhat 
less  precisely  at  low  temperatures  in  the  alumi- 
num cell  due  to  surface  adsorption  effects. 
However,  an  uncertainty  in  these  quantities  does 
not  lead  to  any  inaccuracy  in  the  reported  rate 
data,  since  the  latter  species  only  act  as  precur- 
sors of  atomic  chlorine,  and  their  absolute 
concentration  is  not  required  in  the  data  analysis. 

The  CH4  used  in  this  study  was  of  two 
types:  Matheson  “Gold  Label  Ultra  High  Purity” 
(stated  purity  of  99.97%),  mass-spectrometrically 
analyzed  for  C2H6  (70  ppm)  and  C3H8 
(20  ppm),  and  research  grade  (stated  purity  of 
99.99%),  mass-spectrometrically  analyzed  for 
C2H6  (20  ppm)  and  C3H8  (<  5 ppm).  The  CH4 
was  thoroughly  degassed  in  liquid  N2  (77K) 
before  use.  Two  types  of  H2  were  used  in  this 
study,  with  no  observable  difference  in  the 
results  obtained:  Matheson  “Research  Purity” 
(stated  purity  of  99.9995%),  containing  less  than 
0.5  ppm  of  CH4,  and  Matheson  “Ultra  High 
Purity”  (stated  purity  of  99.999%).  These  were 
used  without  further  purification.  The  helium 
was  Matheson  “Gold  Label  Ultra  High  Purity” 
(stated  purity  of  99.999%),  which  was  also  used 
without  further  purification.  The  ozone  was 
generate;!  by  flowing  molecular  oxygen  through 
a commercial  ozonizer,  and  was  collected  on 
silica  gel  at  196K.  Molecular  oxygen  was 
removed  from  the  ozone  by  vacuum-pumping  the 
silica  gei  for  10-15  minutes.  When  needed,  the 
ozone  was  collected  in  a Pyrex  bulb  and  diluted 
as  required  with  He.  The  purity  of  the  ozone  was 
measured  by  uv  spectrophotometry  at  255.3  nm 
and  was  typically  «90%  (10%  02).  The  ozone 
cross-section  at  255.3  nm  was  taken  from  pub- 
lished data  (DeMore  and  Raper,  1964)  to  be  13"7 
(atm  at  273K)'1  cm'1,  base  10.  Excellent  agree- 
ment exists  between  several  investigations  of  the 
published  absorption  cross-section  data  for  03  at 
253.7  nm  (Becker  et  al.,  1974;  DeMore  and 
Raper,  1964;  Hudson,  1971). 
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Although  there  was  no  significant  (<  5%) 
variation  of  the  bimolecular  rate  constant  with 
total  pressure,  there  was  one  with  temperature.  A 
least-squares  fit  of  the  data,  weighted  according 
to  the  number  of  experiments  and  the  reliability 
of  the  results,  was  performed  at  each  tempera- 
ture to  determine  the  bimolecular  rate  constant 
at  that  temperature.  A weighted  least-squares  fit 
of  the  bimolecular  rate  constants  then  produced 
the  following  Arrhenius  expression: 

kj  = (3.08  ± 0.30)  X 10'11  X 

exp-(576  ± 50  cal  moH/RT) 

(220-350K) 

The  results  of  60  experiments  were  used  to 
compute  this  expression.  The  most  probable 
systematic  error  in  this  study  is  that  of  over- 
estimating the  ozone  concentration  by  neglecting 
a small  amount  of  heterogeneous  and/or  photo- 
lytic  decomposition  (total  < 7%). 

Possible  complicating  secondary  reactions 
which  must  be  considered  are: 


CIO  + 03  -*■  Cl  + 202  (0 

CIO  + O -*■  Cl  + 02  (b) 

Cl  + 02  + M ClOO  + M (g) 

Cl  + 03  + M -*  C103  + M (h) 

C1  + C1  + M-»C12 +M  (j) 


These  reactions  can  be  rejected  for  the 
following  reasons.  The  rate  constant  for  reaction 
(0  has  recently  been  reported  (Clyne  et  al., 
1975)  to  be  <5  X 10'15  cm3  molecule'1  s'1, 
which  eliminates  any  possibility  that  this  reac- 
tion could  regenerate  atomic  chlorine  within  the 
time  scale  of  the  experiment.  Atomic  oxygen 
could  be  formed  from  the  photolysis  of  ozone  or 
molecular  oxygen  (impurity  in  the  ozone);  how- 
ever, the  rate  of  reaction  (b)  should  be  depen- 
dent upon  the  square  of  the  flash  energy.  The 
observed  first-order  rate  constants  showed  no 
dependence  upon  flash  energy,  precluding  the 
need  to  consider  this  reaction  (in  agreement  with 
calculations).  The  abstnce  of  a pressure  depen- 
dence in  the  bimolecular  rate  constant  is  also  in 


agreement  with  calculations  which  indicate  that 
complications  due  to  reactions  (g),  (h),  and  (j) 
should  be  of  negligible  importance. 

RESULTS  AND  DISCUSSION 

ki 

(i)  Cl  + 03  -*•  CIO  + 02 

Table  1 and  Figure  1 summarize  studies  of 
reaction  1 made  over  a range  of  temperature 
(218-350K),  pressure  (5-40  torr),  and  other 
experimental  parameters.  Pseudo-first-order 
kinetic  conditions  [O3]0  > [C1]0,([C1J0*5X 
1010  atoms  cm'3;  [O3]0  » (2.5-25)  X 1013), 
were  utilized  so  that  equation  (III)  could  be  used 
to  analyze  the  data. 

-d[ClJ/dt  = k,  [Cll  [03J  + kdlffusion[Cll 

ln(ICl]0/[Cl]t)  = (kI[O3]  + ^diffusion)  X 4 (HO 

Numerous  preliminary  experiments  were  per- 
formed to  show  that  heterogeneous  decomposi- 
tion of  ozone  on  the  reactor  surfaces  was  less 
than  5%.  The  first-order  rate  constant,  k j , was 
determined  for  a particular  gas  mixture  after  the 
gas  had  been  allowed  to  reside  in  the  reaction  cell 
for  different  times  (0,  2,  5,  10  minutes)  before 
the  experiment  was  initiated.  After  an  initial 
“aging”  period,  it  was  found  that  kj  was  inde- 
pendent of  residence  time.  However,  when  the 
two  resonance  lamps  were  on,  it  was  observed 
that  k j decreased  with  increasing  residence  time, 
indicating  photolytic  decomposition  of  the 
ozone.  Consequently,  the  time  taken  to  perform 
an  experiment  was  limited  to  < 2 minutes,  to 
eliminate  inaccuracies  in  the  measurement  of  kj 
due  to  photolytic  decomposition  of  the  ozone. 
Experiments  were  performed  which  showed  that 
there  was  no  observable  dependence  of  k’.  upon 
the  flash  energy  or  CC14  concentration  (Table  1). 
These  experiments  verified  that  there  was  no 
dependence  of  the  bimolecular  rate  constant 
upon  initial  chlorine-atom  concentration,  and 
that  there  was  no  “flash”  decomposition  of 
ozone.  Experiments  in  which  the  number  of 
flashes  per  filling  of  a particular  gas  mixture  were 
varied  showed  a decrease  in  k',  as  the  number  of 
flashes  increased.  This  was  not  due  to  regenera- 
tion of  atomic  chlorine,  but  rather  to  photolytic 
decomposition  of  ozone  c?used  by  the  increased 
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length  of  time  required  to  complete  the  experi- 
ment. Consequently,  the  number  of  flashes  per 
single  filling  of  the  reaction  cell  was  limited  to 
< 20  (=»  90  seconds). 


Figure  1. 


Arrhenius  plot  for  the  Cl  + Oj  reaction:  A, 

Clyne  and  Watson,  1974; , Nip  and 

Clyne,  1976; , Anderson  et  al.,  1976; 

, Kurylo  and  Braun,  1976;  O,  this 

work. 


(2)  Cl  + CH4  -*>  CH3  + HC1 

The  results  for  reaction  (2)  are  presented  in 
complete  detail  in  Table  2.  This  reaction  was 
again  studied  using  pseudo-first-order  conditions, 
[CH4  ] 0 S>  [Cl]0,  so  that  the  individual  plots  of 
chlorine-atom  decay  with  time  could  be  analyzed 
using  equation  (IV); 

-d[Cll/dt  = k2[Cl]  [CH41  + kdiffusion[Cll 

••  ln(|Cl]  0/[Cl] ,)  = (k2[CH4l  „ + kdiffusio„)  x t (IV) 

Reaction  (2)  was  thoroughly  studied  over  a range 
of  temperature  (2 18-40  IK)  and  pressure 
(20-100  torr  He,  50  torr  Ar).  The  bimolecular 
rate  constant  k2,  and  the  individual  pseudo- 
first-order  rate  constants  k2  (after  correction  due 
to  differences  in  the  chlorine-atom  diffusion 
rates  for  differing  total  pressures  and  diluent 
gases),  were  found  to  be  invariant  with  diluent- 
gas  pressure  and  the  nature  of  the  diluent  gas 
(Table  2).  These  observations  verify  that  the 
reaction  studied  was  bimolecular,  as  expected, 
and  that  complications  due  to  secondary  proc- 
esses, which  are  third-order  in  nature,  were  not 
important  under  the  experimental  conditions  of 
low  («  10* 1 atom  cm"3)  chlorine-atom  concen- 
tration as  used  in  this  study.  Experiments  uti- 


lizing variations  in  CC14  concentration  (15- 
150  mtorr)  were  performed,  with  no  signifi- 
cant deviations  in  the  experimental  first-order 
rate  constants  being  observed.  A series  of  experi- 
ments was  performed  at  239  and  401 K where 
CF2C1CFC12  was  substituted  for  CC14  as  the 
precursor  of  atomic  chlorine.  The  concentration 
of  this  C2F3C13  was  varied  by  a factor  of  20 
(10-200  mtorr).  The  bimolecular  rate  constant, 
k2,  was  shown  to  be  independent  of  C2F3CI3 
concentration  at  each  temperature,  and  within 
the  expected  experimental  uncertainty  of  our 
results  (<  10%)  yielded  a value  for  k2  similar  to 
that  achieved  with  CC14.  Variations  in  the  flash 
energy  by  a factor  of  =»  12  (20-250  joules)  also 
resulted  in  no  significant  variations  of  the 
bimolecular  rate  constant.  The  observation  that 
variations  in  initial  chlorine-atom  concentration 
by  factors  of  « 13  (1.1-14  X 1010  at  299K)and 
34  (0.43-15  X 1010  at  238K),  produced  by 
varying  CC14  (or  C2F3C13)  and  flash  energy, 
resulted  in  no  significant  variation  in  the  first- 
order  rate  constants,  is  strong  evidence  that 
complicating  secondary  kinetic  processes  are  of 
no  importance  in  this  study.  As  noted  earlier,  the 
flash  lamp  was  equipped  with  either  a sapphire  or 
a quartz  window  to  prevent  the  photolysis  of 
CH4  below  140  nm,  which  would  have  resulted 
in  the  production  of  CH2  radicals  (whose  pres- 
ence in  concentrations  of  > 101 2 radicals  cm"3 
could  cause  serious  kinetic  complications).  The 
experiments  which  were  performed  with  a large 
variation  in  flash  energy  (20-245  joules  at  299K, 
and  25-245  joules  at  238. 5K)  showed  no  varia- 
tion in  first-order  rate  constant,  thus  eliminating 
the  possibility  of  kinetic  complications  caused  by 
labile  photolytic  fragments’  reacting  rapidly 
enough  with  atomic  chlorine  to  result  in  an 
erroneous  interpretation  of  the  rate  data. 

A third  series  of  experiments  was  performed, 
in  which  the  number  of  consecutive  flashes  per 
single  filling  of  a particular  gas  mixture  was 
varied.  At  299  and  401 K,  the  number  of  flashes- 
per  single  filling  was  varied  by  a factor  of  20 
(5-100  and  10-200  respectively),  and  at  239K  by 
a factor  of  10  (20-200),  with  no  significant 
variation  in  the  observed  first-order  rate  con- 
stants. These  experiments  tend  to  eliminate 
kinetic  complications  due  to  a buildup  in  the 
concentration  of  a “reactive”  stable  product. 

As  stated  in  the  experimental  section  of  this 
paper,  two  samples  of  CH4  were  used  in  this 
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Table  2.  Reaction-Rate  Data  for  the  Process  Cl  + CH4  -►  CH3  + HC1 


Temperature 

C K) 

218 


Flash 

Flashes 

Flashlamp 

Ki 

Diluent 

CC14 

ch4 

Energy 

per 

Window 

(torr) 

(mtorr) 

(mtorr) 

(joules) 

Filling 

Material 

(sec'1) 

20  (He) 

65 

0 

88 

Sapphire 

40 

50 

82 

100 

135 

150 

200 

200 

271 

250 

355 

300 

400 

40  (He) 

65 

50 

88 

25 

Quartz 

84 

50 

117 

100 

169 

12S 

191 

150 

240 

175 

272 

200 

322 

40  (He) 

65 

25 

88 

25 

Quartz 

94 

31 

15 

95 

31.65 

25 

105 

50 

25 

122 

75 

25 

181 

99 

35 

212 

15 

100 

45 

50 

187 

65 

100 

88 

50 

198 

150 

125 

283 

150 

25 

324 

150 

S8 

25 

268 

150 

25 

75 

267 

150 

210 

10 

301 

150 

88 

ISO 

289 

15 

150 

100 

253 

65 

200 

50 

382 

200 

50 

407 

15 

200 

45 

100 

328 

15 

200 

20 

100 

326 

65 

200 

88 

50 

338 

15 

200 

30 

100 

348 

65 

200 

106 

100 

400 

40  (He) 

10* 

25 

88 

50 

Quartz 

70.3 

100 

193 

250 

75 

417 

40  (He) 

50* 

25 

88 

50 

Quartz 

90.5 

25 

105.8 

100 

210 

100 

75 

221 

100 

207 

100 

20 

150 

203 

100 

245 

20 

240 

160 

88 

50 

313 

250 

75 

450 

250 

467 

250 

25 

150 

431 

250 

245 

25 

446 

250 

88 

20 

397 

250 

200 

398 

268 

100 

543 

lO^^bimolecular 
(cm3  molecule1  s'1) 


2.98  ± 0.4 


3.31  t 0.33 


3.86  * 0.3 


3.79  i 0.09 


4.15  t 0.5 


1 


♦For  this  experiment,  TF13  (CjCIjFj)  wu  used  instead  of  CCI4. 
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Table  2.  Reaction-Rate  Data  for  the  Process  Cl  + CH4  -►  CHj  + HC1  (cont.) 


Temperature 

(°K) 

Diluent 

(torr) 

CCl* 

(mtorr) 

ch4 

(mtorr) 

Flash 

Energy 

(joules) 

Flashes 

per 

Filling 

Flashlamp 

Window 

Material 

*2 

(sec-1) 

1 4KbimolecuIer 

(cmJ  molecule'1!'1) 

40  (He) 

200* 

25 

50 

Quartz 

138.9 

100 

245 

250 

1 

483 

3.81  ± 0.02 

3.99  ± 0.18 

245 

40  (He) 

65 

20 

88 

25 

Quartz 

89 

40 

137 

60 

172 

98.5 

( 

247 

454  ± 0.30 

245 

40  (He) 

65 

25 

88 

25 

Quartz 

87 

50 

146 

75 

192 

100 

231 

125 

282 

150 

\ 

342 

5.00  ± 0.26 

4.97  ± 0.3 

250 

20  (He) 

65 

0 

88 

30 

Sapphire 

40 

20 

30 

90 

30 

so 

117 

40 

50 

138 

40 

100 

138 

40 

45 

100 

135 

40 

211 

35 

144 

50 

88 

50 

168 

60 

50 

177 

70 

50 

216 

80 

50 

225 

6.01  t 0.29 

200  (He) 

65 

0 

88 

40 

Sapphire 

18 

40 

75 

133 

80 

100 

212 

6.29  ± 0.29 

273 

20  (He) 

65 

20 

88 

50 

Sapphire 

116 

30 

145 

50 

185 

60 

224 

70 

267 

80 

278 

7.92  t 0.98 

298 

20  (He) 

65 

0 

88 

25 

Sapphire 

36 

15 

50 

122 

30 

180 

45 

225 

45 

230 

60 

290 

75 

331 

11.90  t 1.0 

50  (At) 

65 

20 

88 

25 

Sapphire 

100 

40 

175 

60 

248 

11.4 1 0.9 

20  (He) 

65 

0.0 

Sapphire 

46 

0.0 

46 

15 

123 

30 

180 

30 

5 

196 

30 

100 

188 

30 

45 

25 

185 

30 

215 

20 

174 

45 

88 

25 

240 

45 

232 

45 

100 

( 

218 

379 
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Table  2.  Reaction-Rate  Data  for  the  Process  Cl  + CH4  -* CH3  + HC1  (cont.) 


Temperature  Diluent  CC14 

(°K)  (torr)  (mtorr) 

CH4 

(mtorr) 

Flash 

Energy 

(joules) 

Flashes 

per 

Filling 

Flashlamp 

Window 

Material 

K'2 

(sec1) 

1014Kbjmo|ecular 
(cm3  molecule  ’s-1 

60 

25 

Sapphire 

290 

60 

282 

60 

100 

300 

75 

25 

330 

90 

408 

90 

380 

11.50  ± 0.6 

200  (He)  65 

0 

88 

30 

Sapphire 

31 

30 

100 

1 

t 

151 

12.36 

40  (He)  65 

0 

88 

25 

Quartz 

45 

15 

103 

30 

165 

45 

220 

60 

280 

90 

383 

120 

485 

11.4  ± 0.2 

299  40  (He)  65 

20 

88 

25 

Quartz 

182 

20 

155 

70 

375 

70 

369 

70 

100 

374 

70 

10 

345 

70 

25 

368 

70 

20 

25 

342 

70 

245 

10 

340 

70 

45 

25 

363 

70 

88 

25 

386 

150 

150 

88 

653 

65 

150 

707 

12.08  ± 0.03 

350  100  (He)  65 

0 

88 

25 

Sapphire 

77 

7 

25 

125 

14 

50 

157 

21 

221 

28 

258 

35 

295 

42 

330 

21.83  t 1.9 

401  40  (He)  65 

25 

95 

50 

Quartz 

460 

25 

462 

50 

676 

75 

933 

100 

1104 

100 

1004 

100 

200 

1G&2 

100 

10 

1042 

15 

100 

45 

50 

1118 

65 

150 

95 

1577 

200 

100 

1905 

268 

2564 

35.4  ± 1.19 

401  40  (He)  50* 

25 

95 

50 

Quartz 

526 

20 

100 

1203 

50 

100 

1199 

100 

100 

1205 

50 

268 

2778 

38.45  t 0.38 

•For  this  experiment,  TF1 3 (CJCI3F3) 

was  used  instead  of  CC14. 
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study.  Analysis  of  the  first  showed  70  ppm  of 
C2Hg  and  20  ppm  of  C3Hg,  whereas  the  second 
contained  20  ppm  of  C2Hg  and  < 5 ppm  of 
C3Hg.  There  was  no  discemable  dependence  of 
the  bimolecular  rate  constant  on  the  particular 
batch  of  CH4  used  (see  Figure  2),  indicating  that 
these  low  impurity  levels  cause  no  inaccuracy  in 
the  reported  rate  data. 


Figure  2.  Arrhenius  plot  for  the  Cl  + CH4  reaction: 

, Clyne  and  Walker,  1973;  O,  this 

work  where  CC14  was  used  as  the  Cl-atom 
precursor;  •,  this  work  where  CFCljCFjCl 
was  used  as  the  Cl-atom  precursor. 

Whereas  the  bimolecular  rate  constant 
showed  no  variation  with  diluent  pressure,  flash 
energy,  or  initial  chlorine-atom  concentration,  it 
varied  significantly  with  temperature.  A weighted 
least-squares  fit  of  all  the  data  shown  in  Table  2 
yields  the  following  Arrhenius  expression: 

k2  = (7.44  ± 0.7S)  X 10'12X 

exp-(2436  ± 100  cal  mol'1  /RT) 

(21 8401 K) 

In  summary,  a total  of  about  180  experi- 
ments were  performed  under  a wide  range  of 
conditions  chosen  to  detect  possible  complicat- 
ing secondary  kinetic  processes.  In  view  of  the 
results,  the  probability  that  such  processes  sig- 
nificantly affected  the  Arrhenius  expression 
seems  very  low.  Moreover,  it  should  be  noted 
that  there  is  no  observable  curvature  in  the 
Arrhenius  plot  of  Figure  2. 


k3 

(3)  Cl  + H2  ->•  HC1  + H 


The  results  obtained  for  reaction  (3)  are 
shown  in  Table  3 and  Figure  3.  Pseudo-first-order 
conditions,  [H2]0/[C1]0  > 104  (e.g.,  at  298K 
[Cl]0  *5  X 1010  and  [H2]0  = (1.7  to  15)  X 
IO15),  were  used  throughout  this  study  to 
minimize  the  complications  of  secondary  kinetic 
processes.  Equation  (V)  was  used  to  analyze  the 
individual  decay  plots  of  atomic  chlorine  concen- 
tration with  time: 

-d|Cl)/dt  = (k3|H2]  +kdjffusjon)[Cll 
In ( |C1J  0/|Cl) ,)  = (k3[H2|  + ^diffusion)  * t (V) 

Reaction  (3)  was  thoroughly  studied  over  ranges 
of  temperature  (2 1 3-350K),  pressure  (20-50  torr), 
and  other  experimental  parameters.  The  bimolec- 
ular rate  constant,  k3,  was  observed  to  be 
invariant  with  total  pressure  and  the  nature  of 
the  diluent  gas,  verifying  that  the  reaction  was 
bimolecular  as  expected,  and  that  complications 
due  to  third-order  secondary  processes  were 
unimportant  under  the  experimental  conditions 
used  in  this  study.  Variations  in  the  flash  energy 
by  a factor  of  « 5 (45-211  J)  resulted  in  no 
significant  variation  in  the  observed  individual 
first-order  rate  constants,  k3,  fo-  a constant  H2 
concentration.  These  observations  strongly  indi- 
cate that  complicating  secondary  processes,  due 
to  rapid  reactions  of  atomic  chlorine  with  either 
labile  photolytic  fragments  or  labile  reaction 
intermediates,  were  not  important.  A series  of 
experiments  was  performed  in  which  the  number 
of  consecutive  flashes  per  single  filling  of  a 
particular  gas  mixture  was  varied.  At  298K,  the 
number  of  flashes  per  single  filling  was  varied  by 
a factor  of  10  (15-150)  with  no  significant 
variation  in  the  observed  first-order  rate  con- 
stants. These  experiments  tend  to  eliminate  the 
possibility  of  kinetic  complications  due  to  the 
formation  of  a significant  concentration  of  a 
reactive  stable  photolytic  or  reaction  product. 

Whereas  the  bimolecular  rate  constant 
showed  no  variation  with  diluent  pressure,  the 
nature  of  the  diluent  gas,  or  flash  energy  (initial 
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Table  3.  Reaction-Rate  Data  for  the  Process  Cl  + H2  -►  HO 


Temperature 

Diluent 

(torr) 

CC14 

(mtorr) 

h2 

(mtorr) 

Flash 

Energy 

(Joules) 

Flashes 

per 

Filling 

k3 

(sec'1) 

213 

20  (He) 

50 

1,500 

88 

50 

82 

3,000 

122 

4,500 

172 

6,000 

231 

8,000 

316 

10,000 

372 

220 

20  (He) 

65 

2,000 

88 

50 

128 

3,000 

161 

4,000 

223 

5,000 

255 

7,000 

378 

8,000 

423 

250 

20  (He) 

65 

200 

88 

50 

66 

300 

75 

83 

400 

100 

102 

400 

106 

500 

106 

500 

114 

600 

127 

700 

136 

800 

151 

273 

20  (He) 

65 

0 

88 

75 

40 

200 

50 

102 

400 

100 

150 

500 

170 

600 

210 

700 

232 

800 

273 

298 

50  (At) 

65 

100 

88 

75 

60 

200 

100 

116 

300 

185 

298 

20  (He) 

65 

0 

88 

50 

45 

50 

80 

50 

83 

100 

108 

100 

110 

100 

100 

112 

150 

50 

125 

150 

133 

150 

123 

150 

150 

137 

200 

50 

170 

200 

180 

200 

181 

200 

45 

100 

171 

200 

211 

50 

155 

250 

88 

196 

250 

IS 

191 

250 

150 

196 

300 

50 

214 

300 

240 

300 

215 

350 

240 

350 

250 

350 

268 

10lsKbjmo|ecular 
(cm3  molecule' V1) 


0.73  t 0.03 


1.16  ± 0.06 


3.46  ± 0.25 


7.94  ±0.76 


19.3  ± 2.3 
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Table  3.  Reaction-Rate  Data  for  the  Process  Cl  + H2  -*  HCI  (cont.) 


; 

Diluent 

CC14 

h2 

Flash 

Energy 

Flashes 

per 

*3 

101 5 K(,  (molecular 

Temperature 

(ton) 

(mtorr) 

(mtorr) 

(joules) 

FD'tag 

(sec-1) 

(cm3  molecule' ’s'1) 

400 

294 

450 

307 

450 

100 

350 

18.8  ± 0.5 

298 

40  (He) 

65 

100 

88 

50 

75 

250 

165 

400 

345 

600 

355 

17.2  t 0.5 

350 

100  (He) 

65 

0 

88 

50 

60 

25 

85 

50 

128 

75 

169 

100 

221 

125 

268 

150 

305 

64.7  t 2.2 
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Table  4.  Reaction-Rate  Data  for  the  Process  Cl  + H202  -»  HQ  + H02 


Temperature 

(°K) 

Diluent 

(ton) 

CC14 

(mtorr) 

Hj02 

(mtorr) 

Flash 

Energy 

(joules) 

k4 

(sec'1) 

298 

50(Ar) 

65 

0 

100 

15.5 

6.7 

46.5 

11.7 

92.4 

16.7 

138 

16.7 

155 

20.0 

260 

20.0 

216 

21.65 

226 

21.65 

333 

21.65 

256 

21.65 

282 

26.65 

370 

26.65 

445 

33.3 

534 

33.3 

295 

83.25 

1000 

116.6 

1667 

k bimolecular 
(cm3  molecule  's'*) 


5.8  X ltr1 3 


A least-squares  fit  of  the  data  in  Table  3 
produces  the  following  bimolecular  rate 
constant: 


k4  = 5.8  (±  factor  2)  X 10"1 3 


(300K) 


COMPARISON  WITH  PREVIOUS 
RESULTS 

Previous  work  will  be  referred  to  here,  but 
not  discussed  in  detail.  Critical  discussions  of  the 
results  obtained  for  reactions  ( I )-(4)  in  this  and 
previous  studies  have  been  presented  elsewhere 
(Watson,  1976;  Watson  et  al.,  1976a,  b). 

ki 

(1)  Cl  + 03  -*•  CIO  + 02 

Figure  1 and  Table  5 summarize  the 
Arrhenius  expressions  obtained  in  this  and  other 
studies  of  the  kinetic  behavior  of  the  chlorine- 
atom/ozone  reaction  (Anderson  et  al.,  1976; 
Clyne  and  Watson,  1974;  Kurylo  and  Braun, 
1976;  Nip  and  Clyne,  1976).  From  Table  5,  it 
can  be  seen  that  a variety  of  techniques  have 
been  employed  to  study  reaction  (1)  within  the 
temperature  range  of  the  stratosphere  (200- 
270k').  A least-squares  fit  of  the  individual 
bimolecular  rate  constants  reported  in  this 
and  three  other  recent  studies  (Kurylo  and 


Braun,  1976,  Anderson  et  al.,  1976;  Nip  and 
Clyne,  1976)  yields  the  following  Arrhenius 
expressions: 

(A)  (2.69  ± 1.2)  X 10-11  X 

exp-(5 11  ±211  /RT)  (205-298K) 

(B)  (3.34  ± 1.0)  X lC11  X 

exp-(6 1 5 ± 1 50/RT)  (205-466K) 

All  data  points  were  weighted  equally.  However, 
the  data  published  by  Kurylo  and  Braun  (1976) 
and  Anderson  et  al.  (1976)  have  been  corrected 
due  to  a revision  («*  7.5%)  in  the  value  used  foi 
the  ozone  absorption  cross-section.  Expression 

(A)  was  evaluated  by  using  all  the  experimental 
data  collected  at  298K  and  below,  whereas  the 
data  points  at  350K  (this  study),  366K  (Ander- 
son et  al.,  1976),  and  452K  (Nip  and  Clyne, 
1976)  were  included  in  the  evaluation  of  expres- 
sion (B).  Both  expressions  yield  essentially  the 
same  bimolecular  rate  constants  between  220 
and  298K  (e.g.,  kj  (240K):  (A)  = 9.21  X IO"1 2; 

(B)  = 9.20  X lO"12).  Expression  (A)  is  recom- 
mended for  use  in  stratospheric  model  calcula- 
tions (discussed  later). 

k2 

(2)  Cl  + CH4  -*•  CH3  + HC1 

Table  6 presents  the  results  of  the  competi- 
tive chlorination  studies  (Knox  and  Nelson, 
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Tables. 

Summary  of  Arrhenius  Expressions  for  the  Process  Cl  + Oj  — CIO  + 02 

Reference 

Arrhenius  Expression 
(cm  ^molecule" 1 s' 1 ) 

1011  kj  (298K) 

(cm^  molecule'1  s'1) 

Temperature 
Range  (°K) 

Technique' 

Clyne  and  Watson  (1974) 

- 

1.85  ± 0.36 

298 

DF/MS 

Kurylo  and  Braun  (1976) 

(2.72  * 0.45)  X 10  " 

X exp-(592  ± 78/RT) 

1.02  ± 0.05 

213-298 

FP/RF 

Anderson  et  al.  (1976) 

(2.17  ± 0.43)  X 10* 1 

X exp-(340±  60/RT) 

1.22 

205-366 

DF/RF 

Nip  and  Clyne  (1976) 

(5.15  ± 0.5)  X 10'11 

X exp-(831±55/RT) 

1.33  ± 0.26 

221-629 

DF/RA 

This  study 

(3  08  ± 0.3  X 10'11 

1.20  ± 0.10 

220-350 

FP/RF 

X exp-(576  ± 50/RT) 


'DP',  discharge  flow;  FP,  flash  photolysis;  MS,  mass  spectrometry;  RF,  resonance  fluorescence;  RA,  resonance  absorption. 


1959;  Pritchard  -et  al.,  1954)  in  two  forms:  the 
ratio  of  pre-exponential  A factors,  and  the 
difference  in  activation  energies.  The  two  results 
differ  only  by  7%  in  the  magnitude  of  the 
pre-exponential  factor,  so  their  mean  will  be  used 
for  comparison  with  the  results  of  the  more 
recent  direct  studies.  Table  7 summarizes  the 
evaluated  Arrhenius  expressions  for  the  Cl  + H2 
reference  reaction  (Benson  et  al.,  1969;  Clyne 
and  Walker,  1973;  Fettis  and  Knox,  1964; 
Watson,  1976;  Watson  et  al.,  1976),  showing 
considerable  variance  among  the  Arrhenius 
parameters  for  k3.  This  leads  to  a variety  of 
derived  expressions  for  k2. 


Table  6.  Summary  of  Arrhenius-Expression  Ratios 


(kH2/hcH4) 

Ach4/ 

Ah2 

Eh2  - 
Ech4 

Temperature 
Range  (°K) 

Knox  and 
Nelson  (1959) 

0.30 

1650  ± 60 

193-593 

Pritchard 
et  al.  (1954) 

0.32 

1650  ± 150 

293-488 

Mean  Value 

0.31 

1650  ± 100 

193-593 

Table  8 compares  the  Arrhenius  expressions 
for  k2  derived  from  Tables  6 and  7 with  those 
obtained  from  the  present  experiments  and  other 
direct  studies  (Clyne  and  Walker,  1973;  Poulet 
et  al.,  1974). 


k3 

(3)  Cl  + H2  ->  H + HC1 


Table  7 summarizes  the  evaluated  Arrhenius 
expressions  for  the  kinetic  behavior  of  atomic 
chlorine  with  molecular  hydrogen  (references  are 
given  for  the  data  used  for  these  evaluations).  A 
critical  review  (Watson,  1976;  Watson  et  al., 
1976b)  of  the  earlier  results  for  k3  and  k_3 
concluded  that  the  results  obtained  in  studies  of 
the  reverse  reaction  (-3)  are  in  error  due  to 
experimental  difficulties.  Of  the  direct  studies  of 
reaction  (3),  the  results  obtained  in  this  study  are 
in  good  agreement  with  those  of  Steiner  and 
Rideal  (1939)  (modified,  see  Watson,  1976),  and 
Benson  et  al.  (1969)  (see  Figure  3).  From  the 
data  obtained  in  this  study,  and  Benson  et  al. 
(1969)  and  Steiner  and  Rideal  (1939),  the 
following  evaluated  Arrhenius  expression  was 
derived: 

k3  = (4.7  ± 0.4)  X lO*11  X 

exp-(4676  ± 59/RT)  (213-1071 K) 

k4 

(4)  Cl  + H202  -*■  HC1  + H02 


No  other  studies  of  this  reaction  have  been 
reported. 
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Table  7.  Summary  of  Arrhenius  Expressions  for  kci+n2 


Reference 

Arrhenius  Expression 
kci+Hj  (cm3  molecule'^'1) 

Temperature 
Range  (°K) 

Fettis  and  Knox  (1964)“ 

(1.38  ± 0.1)  X 10-*°  exp-(5500  t 140/RT) 

273-1071 

Benson  et  al.  (1969)b 

(8.0  t 2.0)  X 10  " exp-(5275  ± 400/RT) 

273-1071 

Clyne  and  Walker  (197  3)c 

A.  (3.7  ± 0.6)  x 10-"  exp-(4264  ± 100/RT) 

B.  (5.6  ± 1.2)  X 10-"  exp-(4485  ± 137/RT) 

195-610 

195-496 

Watson  et  al.  (1976b)d 

A.  (5.5  ± 1.0)  X 101 1 exp-(47 50  ± 100/RT) 

B.  (4.7  ± 0.4)  X 10  " exp-(4676  ± 59/RT) 

213-350 

213-1071 

i 


“Evaluation  based  on  all  previous  data  (Ashmore  and  Chanmugam,  1953;  Fettis  and  Knox,  1964; 

Rode-Bush  and  Klingelhoefer,  1933;  Steiner  and  Rideal,  1939). 
bE valuation  based  on  their  own  data,  and  reinterpreted  data  taken  from  Ashmore  and  Chanmugam 
(1953),  Clyne  and  Stedman  (1966),  Fettis  and  Knox  (1964),  Rode-Bush  and  Klingelhoefer  (1933), 
Steiner  and  Rideal  (1939),  and  Westenberg  and  deHaas  (1968). 

CA.  Evaluation  based  on  determinations  of  both  k.H,  and  kn,  (Benson  et  al.,  1969;  Clyne  and 
Stedman,  1966;  Davis  et  al.,  1970;  Westenberg  and  deHaas,  1968). 

B.  Evaluation  based  on  k.H  (Clyne  and  Stedman,  1966;  Davis  et  al.,  1970;  Westenberg  and 
deHaas,  1968).  z 

dA.  Direct  determination  of  kn,  using  flash  photolysis/resonance  fluorescence  (Watson  et  al. 
1976b). 

B.  Evaluation  based  on  (A),  and  on  data  from  Benson  et  al.  (1969)  and  Steiner  and  Rideal  (1939). 


Table  8.  Summary  of  Arrhenius  Expressions  for  kQ+CH^ 


Arrhenius  Expression 

1014  k29g 

Temperature 

Reference 

kCl+CH4  (cm3  molecule'1  s'1) 

(cm3  molecule'1  s'1) 

Range  (°K) 

Competitive 

chlorination: 

4.28  x 10'1 1 exp-(3850/RT)“ 

6.42 

193-593 

Knox  and  Nelson  (1959) 

2.48  X 10'1 1 exp-(3625/RT)b 

5.44 

Pritchard  et  al.  (1954) 

1.74  X 10  " exp-(2835/RT)c 

14.5 

1.45  X 10'"  exp-(3026/RT)d 

8.75 

Clyne  and  Walker  (1973) 

5.1  x 101 1 exp-(3560  ± 37/RT) 

13.0 

300-686 

Poulet  et  al.  (1974) 

(1.84  ± 0.14)  X 10-"  exp-(2800  t 200/RT) 

13.6 

295-490 

This  work 

(7.44  ± 0.7)  X 10'12  exp-(2437  ± 100/RT) 

11.6 

218-401 

Davis  et  al.  (1970) 

15.0 

298 

“Based  on  the  Fettis  and  Knox  (1964)  evaluation  of  Cl  + H2  (see  Table  7). 
b Based  on  the  Benson  et  al.  (1969)  evaluation. 
c Based  on  the  Clyne  and  Walker  (1973)  evaluation. 
d Based  on  the  Watson  et  al.  (1976b)  evaluation. 


ATMOSPHERIC  IMPLICATIONS  OF 
NEW  RATE  DATA 

Numerous  model  calculations  have  demon- 
strated that  the  injection  of  chlorinated  com- 
pounds into  the  stratosphere  results  in  the 
selective  destruction  of  odd  oxygen  at  mid- 
altitudes (>«  2545  km)  (Cicerone  et  al.,  1974, 


1975;  Crutzen,  1974;Crutzen  and  Isaksen,  1976; 
Molina  and  Rowland,  1974;  Rowland  and 
Molina.  1975;  Wofsy  and  McElroy,  1974;  Wofsy 
et  al.,  1975),  where  the  cataNtic  efficiency  (p) 
can  be  expressed  via  equation  il: 

^ 2W«M°3l2lHC1HOHl 
P “ kdlRH]{  V.IO3I  + kckf[N01  [021  [M]  | (II) 
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The  present  study  reinvestigated  the  kinetic 
behavior  of  processes  (a),  (Cl  + 03  -*■  CIO  + O2), 
and,  in  part,  (d),  where  kd  [RH]  can  be  written: 

kd[RH]  =k2[CH4]  +k3[H2] 

+ k4[H202]  + k5  [H02  ] 

New  results  are  reported  for  k2,  k3,  and  k4.  The 
most  expedient  approach  to  evaluating  the  effect 
of  the  new  rate-constant  data  upon  the  published 
results  of  the  model  calculations  is  to  assume 
that  the  altitude  most  sensitive  to  the  injection 
of  C10x , the  altitude  of  maximum  ozone  reduc- 
tion, is  35  km,  and  to  discuss  the  consequences 
of  the  new  kinetic  information  at  that  altitude. 
The  temperature  of  the  standard  stratosphere  at 
35  km  is  taken  to  be  237K. 

The  early  model  calculations  (Cicerone 
et  al.,  1974,  1975;  Crutzen,  1974;  Wofsy  and 
McElroy,  1974)  used  a temperature-invariant  rate 
constant  of  1.85  X 10'11  cm3  molecule"1  s"1  for 
ka.  A value  of  9.06  X 10"12  cm3  molecule'1  s"1 
was  derived  for  ka  at  237K  from  the  Arrhenius 
expression  obtained  in  the  present  study.  This  is 
in  close  agreement  with  the  value  of  9.09  X 
10"12  cm3  molecule"1  s'1  which  was  obtained 
from  the  “evaluated”  Arrhenius  expression  (see 
discussion  of  reaction  (1))  (Watson,  1976; 
Watson  et  al.,  1976b).  The  new  value  of  ka  at 
237K  is  a factor  of  2.0  lower  than  that  used  in 
the  early  calculations.  Consequently,  the  use  of 
equation  II  would  predict  that  the  catalytic 
efficiency  (p)  would  be  reduced  by  a factor  of  2; 
however,  this  simplistic  approach  predicts  the 
maximum  possible  change.  The  actual  change 
will  probably  be  less  than  a factor  of  2,  due  to  an 
increase  in  the  ozone  density  at  lower  altitudes 
produced  by  the  “self-healing”  effect. 

The  greater  the  magnitude  of  kd  [RH] , the 
lower  the  catalytic  efficiency  of  C10x , due  to  the 
“tying  up”  of  chlorine  in  an  inactive  form,  HC1. 
Although  concentration  profiles  for  both  CH4 
and  H2  have  been  experimentally  determined  up 
to  50  km  in  the  stratosphere  (Ehhalt  and 
Heidt,  1973,  1974)  neither  H02  nor  H202  has 
been  directly  detected.  Consequently,  the  only 
profiles  which  exist  for  [H02]  and  [H202]  are 
those  predicted  by  the  one-dimensional  photo- 
chemical models.  Considerable  uncertainty  exists 
in  the  rate-constant  data  for  the  reactions  which 


exert  control  over  the  atmospheric  concentra- 
tions of  H02  and  H202  (and  OH),  e.g., 

ki 

0H  + H02-*-H20  + 02  ; 
k(j)  = 2 X 10"11  - 2X  10"111 


0 + H02  -*■  OH  + 02  ; 

k(ii)  = 8X  10"11  exp{500/T) 


± factor  4 


H02  + H02  -►  H202  + 02  ; 
k(iii)  = 3X  10"11  exp<500/T) 

± factor  2 

The  magnitude  of  [HOx],  and  its  partitioning 
(HOx  = H + OH  + H02  + H202),  are  dependent 
upon  the  selection  of  rate-constant  data  for 
reactions  (i)-(iii).  The  majority  of  model  calcula- 
tions have  been  performed  using  a high  value 
(2  X 10"10  cm3  molecule"1  s"1)  for  k(i),  the 
predominant  chain-termination  process  for  HOx, 
resulting  in  a low  [H0X]/([H20]  + [CH4]  + 
[H2])  ratio.  Recent  rate  data  (Davidson  et  al., 
1976)  for  0(1D)  quenching  by  N2  and  02,  and 
O^D)  reaction  with  H20,  CH4,  N20,  and  H2, 
increase  the  uncertainty  in  the  accuracy  of  the 
published  [HOx]  profiles.  Model  calculations 
which  have  used  high  values  for  k(i)  and  k(iij 
(2  X 10"10  and  6X  10"11  respectively)  predict 
that  [H02]  at  35  km  has  a value  of « 1.7  X 107 
molecules  cm"3  (Wofsy  and  McElroy,  1974), 
whereas  the  model  calculations  which  have  used 
low  values  for  k^  and  k^j)  (2  X 10"1 1 for  each) 
predict  that  the  concentration  of  H02  at  35  km 
is  **  7.8  X 107  molecules  cm"3  (Cicerone,  1976). 
The  H202  concentration  is  predicted  to  range 
from  about  2 to  10  X 108  molecules  cm"3  at 
35  km.  Unfortunately,  not  only  is  the  H02 
concentration  uncertain  because  of  a lack  of 
reliable  rate-constant  data  for  the  above  proc- 
esses, but  k5  (Cl  + H02  -*•  HC1  + 02)  has  not 
been  experimentally  measured.  The  most  prob- 
able value  for  k5  is  estimated  to  be  2 X 10"1 1 
cm3  molecule"1  s'1;  however,  a range  of  values 
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from  1 X 10'1 1 to  1 X 10'10  cm3  molecule'1  s'* 
has  been  used  in  the  model  calculations.  Table  8 
presents  the  range  of  magnitudes  that  can  be 
expected  for  atomic-chlorine  reaction  rates.  The 
mixing  ratio  for  both  H2  and  CH4  was  taken  to 
be  0.67  ppm  (v/v)  (Ehhalt  and  Heidt,  1973, 
1974).  It  is  unlikely  that  the  mixing  ratios  are 
significantly  inaccurate,  although  there  is  a lack 
of  data  above  35  km. 

From  Table  8 it  can  be  seen  that  reaction 
with  either  CH4  or  H02  is  expected  to  be  the 
dominant  sink  for  atomic  chlorine.  Crutzen 
(1974)  used  the  values  of  Clyne  and  Walker  for 
k2(CH4)  and  k3(H2),  1 X 10'* 0 cm3  molecule'1 
s'1  for  k5(H02),  2 X 10'10  and  2 X 10'11  cm3 
molecule-1  s'1  for  k^  and  k^j)  respectively, 
resulting  in  an  H02  concentration  of  2.6  X 107 
molecules  cnr3  at  35  km.  Therefore,  the  relative 
rates  for  Cl-atom  destruction  were  2.9  X 10'3 
(CH4),  4.5  X 10'4  (H2),  and  2.6  X 10'3  (H02). 
The  new  rate  data  for  k2  and  k3  would  increase 
k2[CH4]  to  4.6  X 1 O'3 , and  decrease  k3[H2]  to 
2.5  X 10'4.  Thus,  kd[RH]  would  increase  from 
5.95  to  7.25  X 10'3  (*22%).  Wofsy  and 
McElroy  (1974)  used  the  values  of  Clyne  and 
Walker  (1973)  for  k2(CH4),  and  of  Westenberg 
and  deHaas  (1968)  for  k3(H2),  1 X 10'11  cm3 
molecute'1  s'1  for  k5(H02),  and  2 X 10  10  and 
6 X 10'11  cm3  molecule-1  s'1  for  k^  andk^^. 
This  resulted  in  an  H02  concentration  of  * 1 .7 
X 107  molecules  cm'3  at  35  km.  Therefore,  the 
relative  rates  for  chlorine-atom  destruction  were 


2.9  X 10'3  (CH4),  2.4  X 10'4  (H2),  and  1.7  X 
10'4  (H02).  The  new  rate  data  for  k2  and  k3 
would  increase  k2  [CH4]  to  4.6  X 10'3,  but  leave 
k3[H2]  the  same.  Therefore,  kd[RH]  is 
increased  from  3.3  to  5.0  X 10"3  (*52%). 
Consequently,  it  is  evident  that  the  new  rate- 
constant  data  causes  a small  but  significant 
decrease  in  the  catalytic  efficiency,  p.  A conclu- 
sion of  this  paper  is  that  the  Cl  + H202  reaction 
is  not  a significant  sink  (<  0.05  kd[RH])  for 
atomic  chlorine  for  any  combination  of  HOx  rate 
constants,  whereas  experimental  data  are 
required  for  the  Cl  + H02  reaction  to  determine 
its  importance.  If  the  rate  constants  for  k(i), 
k(ijj,  and  k(iij)  are  2 X 10'1 1 , 2 X 101 1 and  3 X 
10'12  cm3  molecule'1  s'1  respectively,  then  the 
[H02]  profile  will  be  the  maximum  possible. 
Under  these  conditions,  if  k5  > 6 X 10'1 1 cm3 
molecule'1  s'1 , then  the  magnitude  of  k5  [H02] 
> k2[CH4].  However,  the  greatest  perturbing 
effect  of  this  combination  of  values  for  k(j3, 
k^,  and  k^  would  be  an  increase  in  [OH] , 
leading  to  an  enhancement  of  p by  accelerated 
regeneration  of  atomic  chlorine  via  the  OH  + HC1 
reaction. 
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Table  9.  Magnitudes  of  Various  Atomic-Chlorine  Sinks  at  35  km 

k(237K)  cm3  molecule  's-1  104k(reagent]  s'* 


Species 

Concentration 
(molecules  cm-3) 

This  Study 

Clyne  & 
Walker 

Others 

This  Study 

Clyne  & 
Walker 

Others 

ch4 

1.1  X 10" 

4.2  X 1014 

2.6  X 10-14 

- 

46 

29 

- 

h2 

1.1  X 10" 

2.3  X 10  ' 5 

4.1  x 10-15 

1.1  X 10-15<a> 

2.5 

1.2 

2.2  X lO  'SO) 

2.4 

h2o2 

(2  - 10)  X 108 

*2.5  X 10  * 3<c> 

- 

- 

0.5  to  2.5 

- 

ho2 

(1.5  -8)  X 107 

*2  X 10  "W) 

- 

(1  - 10)  X 10-"(e) 

3 to  16 

_ 

1.5  to  80 

“Benson  et  al.  (1969) 
b Westenberg  and  deHaas  (1968). 

Calculated  using  an  estimated  Arrhenius  expression  of  1 x 10  " exp-(875/T)  which  is  compatible  with  a mean  value 
of  *5.8  X I0-'3  cm3  molecule's'at  298K. 
d Author’s  estimate. 

Estimates. 
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ABSTRACT:  The  reaction-rate  and  photochemical  data  currently  available  for  use  in  modeling  of 
stratospheric  chemistry  are  reviewed.  They  are  characterized  in  terms  of  their  quality  and 
applicability.  Of  46  “important”  chemical  reactions,  the  data  for  33  are  adequate.  For  82  “less 
important”  reactions,  the  data  are  generally  less  reliable,  but  in  many  cases  sufficient.  A similar 
pattern  exists  for  photochemical  processes.  The  data  are  adequate  for  8 of  16  “important”  processes 
and  are  adequate  for  5 of  16  “less  important”  processes.  A list  of  reactions  for  which  more 
measurements  are  needed  is  supplied. 


Quantitative  models  of  stratospheric  chem- 
istry require  a large  amount  of  numerical  data  as 
input,  in  the  form  of  rate  constants,  optical 
absorption  coefficients,  and  quantum  yields. 
These  data  become  useful  after  the  likely  chem- 
ical mechanism  has  been  identified.  The  results 
predicted  by  the  models  are  very  sensitive  to 
some  of  the  input  data.  The  results  are  much  less 
sensitive  to  certain  other  input  data,  which 
nonetheless  represent  important  processes  in  the 
mechanism,  such  as  catalytic  cycles  and  the 
formation  and  destruction  of  atoms  and  free 
radicals.  Still  other  data  are  needed  for  reactions 
that  have  been  included  for  the  sake  of  complete- 
ness. Finally,  there  are  numerical  data  that  are 
needed  for  the  decision-making  process  of  devel- 
oping the  mechanism  for  the  complex  system, 
but  are  not  included  in  the  models. 

The  quality  and  applicability  of  the  available 
data  are  analyzed  in  this  paper  in  order  to  show 
the  present  status  of  the  field  and  to  point  out 
needs  for  new  measurements.  The  starting  point 
is  the  information  in  Chapter  5 of  “The  Natural 
Stratosphere  of  1974”  (CIAP,  1975). 

Section  3 of  Chapter  5 is  a list  of  reactions 
that  “need  to  be  considered  in  the  modeling  of 
the  stratosphere”  (Johnston  et  al.,  1975).  The 
list  includes  both  chemical  reactions  and  photo- 
chemical processes.  It  was  annotated  to  indicate 
which  ones  are  “considered  to  be  important  by 
modelers”.  These  selections  were  based  more  on 
a knowledge  of  plausible  chemistry  than  on 
sensitivity  analysis. 

A slightly  revised  version  of  this  list  is  used 
in  this  paper.  The  revisions  allow  for  new  data 


and  new  ideas  about  which  processes  are  impor- 
tant. This  new  list  includes  128  chemical  reac- 
tions and  32  photochemical  processes.  46  of  the 
chemical  reactions  and  16  of  the  photochemical 
processes  are  considered  to  be  important.  This 
revised  list  is  given  in  tables  in  an  arrangement 
pertinent  to  the  analysis  to  be  described  shortly. 

Section  9 of  the  same  chapter  contains  a 
table  of  rate  constants  and  photochemical  data 
for  about  300  processes  (Garvin  and  Hampson, 
1975).  The  preferred  values  given  for  160  of 
these  reactions  are  recommended  for  use  by 
modelers.  Where  possible,  estimates  of  the  likely 
accuracy  of  the  data  are  given.  These  are  sub- 
jective judgments,  usually  based  on  consideration 
of  the  degree  of  agreement  among  measurements 
made  in  several  laboratories  and  on  an  assessment 
of  the  methods  used. 

Information  on  accuracy,  temperature  range 
of  measurement,  and  extent  of  the  data  base 
contained  in  this  table  are  used  to  analyze  the  list 
of  reactions  that  need  to  be  considered  in 
stratospheric  modeling. 

The  chemical-kinetic  data  were  put  into  five 
classes  according  to  their  likely  reliability,  and 
into  three  classes  according  to  the  temperatures 
at  which  the  data  had  been  obtained.  For 
photochemical  processes,  a simple  twofold  classi- 
fication was  used.  These  categories  are  listed  in 
Table  1. 

CHEMICAL  KINETICS 

The  reliability  classification  for  chemical 
reactions  generally  follows  the  estimates  of  likely 
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Table  1.  Definition  of  Classification  Scheme  Used  in 
Analysis  of  Chemical-Kinetic  and  Photo- 
Chemical  Data 

Rate-Constant  Reliability  Classification 

log10  k = X ± x 

A 0 < x < 0.1 

B 0.1  < x < 0.3 
C 0.3  < x < 1 
D 1 <x 

E no  data 

Temperature  Range  of  Measured  Data 

1 includes  stratospheric  temperatures 

2 range  of  T > 300K 

3 300K  only 

Photochemical  Processes 

a a ^ and  well  characterized 
(3  further  study  desirable 

accuracy.  However,  no  reaction  was  placed  in  the 
top  category,  A,  unless  there  were  measurements 
for  it  from  two  or  more  laboratories.  This 
category  is  for  data  good  to  25%  or  better. 
Measurement  differences  between  laboratories 
are  often  of  this  order  unless  there  is  a deliberate 
cooperative  program  of  intercomparison.  Cate- 


gories B and  C are  for  data  known  to  within 
factors  of  two  and  ten,  respectively.  Category  D 
means  that  an  order-of-magnitude  estimate  or  an 
upper  or  lower  limit  has  been  obtained.  Category 
E means  that  no  reliable  data  exist. 

Table  2 presents  the  statistics  on  distribution 
of  the  chemical-kinetic  data  according  to  reliabil- 
ity and  temperature  range  of  measurements.  The 
individual  reactions  are  listed  in  Tables  3 and  4 in 
groups  keyed  to  the  classification  scheme  in 
Table  1. 

The  overall  status  of  the  rate  data  for  the  46 
important  chemical  reactions  is  presented  in 
Table  2.  Consideration  of  the  data  for  the 
individual  reactions  indicates  that  for  the  33 
reactions  in  categories  A and  B the  rate-constant 
data  are  in  good  shape  from  room  temperature 
down  to  the  stratospheric  temperature  regime. 
The  six  rate  constants  indicated  as  measured  to 
within  25%  at  300K  only  (A3)  are  actually 
known  reliably  at  stratospheric  temperatures, 
since  they  are  rate  constants  for  O^D)  reactions 
which  occur  with  nearly  unit  collision  efficiency. 
They  will  have  very  small  temperature  coeffi- 
cients. Recent  (unpublished)  measurements  on 
some  of  them  as  a function  of  temperature 
(Schmeltekopf,  1975)  will  shift  this  set  to 
another  category  in  the  A and  B series.  The 
reactions  in  category  B3  are  either  radical-radical 
or  combination  reactions.  Their  temperature 


Table  2.  Summary  of  Rate-Constant  Data  for  46  Important  Chemical  Reactions  and  82  Less 
Important  Chemical  Reactions  Categorized  According  to  Reliability  and  Temperature 
Rang; 

Temperature  Range 

1 2 3 

Category  8 log1Qk  Strat.  Temp.  > 300K  300K  only  Total 

Important  Chemical  Reactions 

A 0.1  6 1 6 13 

B 0.3  9 5 6 20 


C 
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coefficients  also  will  be  small.  The  overall  good 
status  of  the  rate  data  for  these  reactions  reflects 
the  intensive  efforts  made  recently  by  experi- 
mental kineticists. 

For  the  less  important  chemical  reactions, 
summarized  in  Table  2 and  listed  in  Table  4,  the 
reaction-rate  data  are  in  poorer  shape.  None  are 
in  category  A.  For  30  of  the  82  there  are  no 
data.  There  are  several  reasons  for  this.  Many  of 
these  reactions  are  minor  paths.  The  models  are 
unlikely  to  be  sensitive  to  them.  Rough  data  can 


be  accepted  until  a reaction  is  shown  to  be 
important.  It  is  not  surprising  that  there  has  been 
no  intensive  effort  to  improve  the  data  on  these 
reactions. 

Also,  the  situation  is  not  so  bad  as  it  appears 
from  Table  2.  There  is  no  evidence,  to  date,  that 
certain  of  these  reactions  occur.  They  were 
included  in  the  survey  in  an  attempt  to  cover  the 
possible  interactions  of  the  trace  species  known 
(or  suspected)  to  play  roles  in  stratospheric 
chemistry.  For  example,  12  reactions  of  HSOx 


Table  3.  Important  Chemical  Reactions  Categorized  According  to  Reliability  and  Temperature  Range 
(see  Table  1 for  description  of  categories) 


o + o2  + m-*o3  + m 
o3  + O - o2  + o2 

N02  + O -►  NO  + 02 
n°2  + 03  - N03  + 02 
H + 02  + M - H02  + M 

ho  + ch4-*h2o  + ch3 


NO  + 03  - N02  + 02 

HO  + N02  (+  M)  - HN03  (+  M) 

HO  + HN03  - H20  + N03 

ho  + o3-ho2  + o2 

H02  + 03  -*  HO  + 202 

ho  + co-*co2  + h 
a + o3  - cio  + o2 

Cl  + CH4  - HC1  + CH3 
HC1  + HO  - H20  + Cl 


n + no-*n2  + o 


N + 02  ->  NO  + O 
H + 03  - HO*  + 02 
HO  + O - H + 02 

h2o2  + ho->h2o  + ho2 
h2co  + ho-hco  + h2o 


N20  + 0(‘D)-N2  + 02 
N20  + 0(lD)-*N0  + N0 
0(,D)  + 02->0  + 02(,Z) 
0(1D)  + H20-»2H0 

o(‘d)  + h2-h  + ho 

0(,D)  + CH4-CH3  + H0 


0(*D)  + M O + M 

ho2  + ho2  - h2o2  + o2 
h2co  + o-ho  + hco 
NOj  + O + M - N03  + M 

cio  + o-ci  + o2 

CIO  + NO  - Cl  + N02 


HOj  + NO  - HO  + N02 

ch3o  + o2-ch2o  + ho2 


ho2  + o - ho  + o2 

Cl  + H02  - HC1  + 02 


N03  + NO  - 2NOz 

ho2  + no2  - hno2  + o2 

HO  + H02  - HjO  + 02 

ch3  + o2  - ch3oo 
ch3  + o2-ch2o  + ho 

HCO  + 02  - CO  + H02 


ch3oo  + no  - ch3o  + no2 
cio  + o3->ocio  + o2 
ao  + o3  - cioo  + o2 


* 
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Table  4.  Less  Important  Chemical  Reactions  Categorized  According  to  Reliability  and 
Temperature  Range  (see  Table  1 for  description  of  categories) 


_B1_ 

B2 

B3 

o + o+m-o2  + m 

2NO  + 02  - 2N02 

N + 03  - NO  + 02 

NO  + O + M - NOj  + M 

HO  + NO  + M - HN02  + M 

N + N02  - N20  + O 

02(*  A)  + 03  -»  20,  + O 

o2('a)  + m-*o2  + m 

N + HO  - NO  + H 

nh3  + ho->nh2  + h2o 

HO  + HO  - H20  + 0 

02('e)  + M-02  + M 

ho  + h2-h2o  + h 

HO  + HO  + M - H202  + M 

02('2:)  + 03->02  + 02  + 0 

H2S  + 0 - HO  + HS 

O + CH4  - CH3  + HO 

h2s  + ho-h2o  + hs 

S02  + O + M - S03  + M 

OCIO  + Cl  - 2C10 

so2  + ho2  - ho  + so3 

Cl  + H2  - HC1  + H 

S02  + HO  + M -»  HS03  + M 

OCIO  + 0 -*  CIO  + o2 

CF2C12  + 0(*D)  -»  products 

CFC13  + 0(*D)  -<■  products 

Cl 

C2 

C3 

so  + o3  -*  so2  + o2 

N02  + N03  (+  M)  - N2Os  (+  M) 

HO  + HN02  - H20  + N02 

N205  (+  M)  - N02  + N03  (+  M) 

H02  + NO  + M - HN03  + M 

N03  + N02  - NO  + 02  + N02 

0(1D)  + 03->02  + 02 

h2o2  + o ->  ho  + ho2 

0(*D)  + 03  -*  02  + 20 

ho2  + h - ho  + ho 

HO(v  > 2)  + 03  - H + 202 

ho2  + h - h2  + o2 

HO(v  > 2)  + 03  -*  H02  + 02 

so3  + o - so2  + o2 

HO(v  > 3)  + 03  - HO  + 02  + 0 

CIO  + CIO  -*  products 

ho2  + h-h2o  + o 

HC1  + O - HO  + Cl 

so3  + h2o  - h2so4 

Cl  + 02  + M - ClOO  + M 

ClOO  + M - Cl  + 02  + M 

Cl  + H202  - HC1  + H02 

D3 

N20s  + 0-  2N02  + 02 

N205  + H20  (on  particles)  -*  2HN0 

ch3oo  + no2  - ch3oono2  ^ ? 
so2  + no3  - so3  + no2 

E 

E 

E 



“ 

N + H02  - HO  + NO 

hso3  + hso3  - h2so3  + so3 

HS06  + NO  - HSOs  + NOj 

NH2  + oxides  -*  NOx 

hso3  + ho-h2o  + so3 

HS06  + S02  - HSOj  + S03 

ch3oo  + ho2  - ch3ooh  + 02 

HS03  + HO  (+  M)  - H2S04  (+  M) 

Cl  + 03  (+M)->C103  (+M) 

ch3o  + ho2  - ch3oh  + o2 

HS03  + surface  — products 

H02  + CIO  - HC10  + 02 

ch3oh  + ho  - h2o  + ch2oh 

HS03  + 02  + M - HSOj  + M 

ho2  + OCIO  - hcio2  + o2 

HS  + oxides  -*  S02 

HSOs  + NO  -»  HS04  + N02 

CIO  + OCIO  - ci2o  + o2 

S02  + surface  — ? 

hso4  + ho2  - h2so4  + o2 

OCIO  + CO-*  CIO  + co2 

S03  + H20  (surface)  -*■  ? 

HS04  + HS04  - H2S2Og 

cioo  + co-cio  + co2 

so3  + CO  - co2  + so2 

HS04  + surface  -»  ? 

HC1  + surface  -►  products 

SO  + N02  - S02  + NO 

hso4  * o2  - hso6 

HO  + C103  - HC104 

JkdL  ri  «-•- 


394 


GARVIN,  HAMPSON,  AND  KURYLO 


radicals  in  category  E,  though  mechanistically 
interesting,  are  unlikely  to  be  important.  Five 
more  in  category  E are  reactions  forming  or 
destroying  Q02  or  CIO  3,  both  of  which  are 
currently  thought  to  be  of  minor  importance  in 
the  stratosphere.  Probably  no  more  than  a dozen 
of  these  “no  data”  reactions  deserve  any  atten- 
tion in  modeling  the  stratosphere. 

PHOTOCHEMISTRY 

The  species  that  can  undergo  photochemical 
decomposition  are  listed  in  Table  5,  arranged  in 
groups  reflecting  the  quality  of  the  data.  The 
analysis  made  here  simply  divides  the  processes 
into  those  for  which  the  data  are  acceptable  and 
those  for  which  more  laboratory  studies  would 
be  helpful. 


In  general,  the  input  data  required  for 
photochemical  processes  consist  of  photoabsorp- 
tion cross-section  data,  primary  quantum-yield 
data  for  all  photodissociative  channels,  and  iden- 
tification of  secondary  reactions  of  the  primary 
fragments.  The  last  item  is  needed  both  for 
construction  of  mechanisms  of  stratospheric 
chemistry  and  also  for  the  interpretation  of  the 
laboratory  experiments. 

Of  the  32  photochemical  processes  shown, 
16  are  considered  important  by  modelers.  Of 
these  16  processes,  eight  are  well  characterized 
while  eight  require  further  study.  The  table  also 
includes  16  photochemical  processes  considered 
to  be  less  important,  11  of  which  need  further 
study. 

For  most  of  those  processes  characterized  as 
needing  further  study,  absorption  cross-section 


Table  5.  Photochemical  Processes  Categorized  According  to  Quality  of  Data 
(see  Table  1 for  definition  of  categories) 

Important  Processes 

" 0 


02  + hv-»0+0 

03  + hr  (X  = 450-650  nm)  - 02  + O 

03  + hr  (X  = 310-340  nm)  - 0(3P)  + 02 
Oj  + hr  (X  < SlOnmJ-Ojf'AJ  + Of'D) 
N02  + hr  - NO  + O 
N20  + hr  -»  N2  + 0(*D) 

HN03  + hr  - HO  + N02 
HN02  + hr  - HO  + NO 


NO3  + hr  — N02  + O 
NO  + hr  - N + O 
H202  + hv  - 2HO 
CHjOO  + hr  - ? 
HCHO+hr-H2  + CO 
HCHO  + hr-H  + HCO 
CF2CI2  + hr  - Cl  + CF2C1 
CFCI3  + hr  - Cl  + CFC12 


Less  Important  Processes 
a 


0 


Cl2  + hr  - Cl  + Cl 
HC1  + hr  - H + Cl 
Of'D)  -»  0(3P)  + hr 
02(1L)-02  + hr 
02(*  A)  -»  02  + hr 


N02  + hr  (X  < 245  nm)  -»  ? 
N2  + hr  - N + N 
03  + hr  (X  < 200  nm)  - ? 
CHjOH  + hr-? 

C102  + hr  -*  Cl  + 02 
OCIO  + hr  -» CIO  + O 
CIO  + hr  - Cl  + O 
N2Os  + hr-? 

S03  + hr  — SO  + 02 
SO3  + hr  — S02  + O 
HSO3  ♦ hr  - ? 
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data  already  exist,  but  primary  quantum-yield 
values  and  characterization  of  secondary  reac- 
tions are  needed. 

MEASUREMENTS  NEEDED 

Although  it  is  useful  to  have  a summary  of 
the  status  of  a field,  it  is  more  helpful  to  show 
what  needs  to  be  done.  Such  lists  have  been 
compiled  by  various  workers  and  distributed 
informally  during  the  past  few  years  of  intensive 
study  of  the  stratosphere.  Our  current  choices 
for  more  work  now  are  given  in  Table  6. 

Table  6.  Chemical  Reactions  and  Photochemical 

Processes  for  which  New  Measurements  are 
Needed 

HO  + HOj  - HjO  + 02 

a + HOz  - HC1  + o2 

Cl  + CH4  - HC1  + CHj 

CIO  + O -» Cl  + 02 

CIO  + o3  - OCIO  + o2 

ao  + o3  - [cioo  + o2i  - ci  + 2o2 

ao  + no  - ci  + no2 

CClxFy  + hr-  - Cl  + CC1X_,  Fy 

a + no2  + m - cino2  + m 
cino2  + o-cino  + o2 

C1N02  + hi>  - C1NO  + O 
H02  + Oj  - HO  + 202 

ho2  + o - ho  + o2 
ho2  + no-ho  + no2 

HO  + halogenated  organics  -*■  products 
CH3OO  + NO  - N02  + CHjO 

hso3-^h2so4 

HSOx  + NO  - HSOx_ , + N02 
H2CO  + hv  -»  H2  + CO 
H2CO  + hi>  -» H + HCO 

The  reactions  were  selected  on  the  basis  of 
several  criteria.  First,  there  are  some  reactions  for 
which  new,  accurate  measurements  will  be 
needed  in  order  to  resolve  ambiguities  in  the 
existing  data.  Second,  there  are  reactions  to 
which  the  models  appear  to  be  very  sensitive. 
Third,  there  are  reactions  that  are  becoming 
increasingly  important  in  the  thinking  of  atmo- 


spheric scientists.  In  putting  this  list  together,  we 
used  the  analysis  of  the  status  of  the  field 
presented  here,  and  also  the  recommendations  of 
others  (CIC,  19.75;  IMOS,  1975). 

The  individual  reactions  will  not  be  dis- 
cussed here.  Instead  some  general  remarks  are 
offered  as  a guide  to  the  reader.  Much  of  the 
current  emphasis  in  stratospheric  chemistry  is  on 
reactions  of  Cl,  CIO,  and  the  photochemistry  of 
organic  halides.  Very  few  reactions  of  Cl  or  of 
the  chlorine  oxides  have  been  studied  except  at 
room  temperature.  Measurements  at  tempera- 
tures down  to  230K  are  desirable.  Also,  the 
study  of  the  photochemical  decomposition  of 
chlorocarbons  is  incomplete.  Absorption  coeffi- 
cients are  needed  as  a function  of  temperature 
for  each  chlorocarbon  that  can  reach  the  strato- 
sphere. Quantum  yields  should  be  checked 
(many  probably  will  be  near  unity)  and  the  fate 
of  the  organic  radicals  formed  in  the  photolysis 
should  be  determined.  This  may  lead  to  recogni- 
tion of  the  need  for  further  photochemical 
studies. 

Rate  constants  for  reactions  of  hydroxyl 
with  halocarbons  are  needed  because  these  reac- 
tions appear  to  control  the  chemical  lifetimes  of 
these  molecules  in  the  troposphere  and  thus  may 
be  used  to  estimate  the  acceptability  of  substi- 
tutes proposed  for  the  halocarbon  propellants 
and  refrigerants  presently  in  use. 

The  hydroperoxyl  radical  appears  promi- 
nently in  the  list.  As  a radical  it  is  not  very 
reactive.  But  it  is  important  in  cycles  that  control 
the  concentration  of  hydroxyl.  Indeed,  any 
studies  of  reaction  rates  for  gas-phase  reactions 
of  H02  will  help  in  the  interpretation  of  strato- 
spheric chemistry.  Those  to  be  emphasized  now 
are  reactions  of  H02  with  itself,  HO,  0,  and  Cl. 

' Finally,  we  must  warn  the  reader  that  this 
list  will  rapidly  become  out  of  date  because  of 
the  continuing  high  level  of  laboratory  activity 
related  to  stratospheric  chemistry.  From  our 
point  of  view  as  data  evaluators,  the  sooner  this 
list  becomes  a dead  issue,  the  better  we  will 
like  it. 
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LABORATORY  MEASUREMENTS 


DISCUSSION 


UNIDENTIFIED:  In  stratospheric  chemical  models 
there  seems  to  be  a consistent  over-prediction  of  ozone 
at  about  25  kilometers.  The  effect  of  atmospheric 
scattering  of  sunlight  on  oxygen  atom  production,  if 
taken  into  account,  might  reduce  that  overprediction 
by  something  like  six  percent,  which  is  not  enough. 
Does  anyone  have  another  explanation?  In  the  photo- 
chemically  dominated  region,  chemical  models  ought 
to  achieve  much  better  agreement  with  observation. 

HEICKLEN:  A possible  reaction  which  hasn't  been 
considered  in  stratospheric  models  is  the  reaction  of 
ozone  with  nitrous  acid  to  give  nitric  acid.  We  haven’t 
yet  been  able  to  measure  its  rate,  though  we  have  a 
lot  of  indirect  evidence  that  it  might  occur. 

SCHIFF:  Jack  McConnell  has  calculated  the  possible 
effects  of  that  reaction,  HN02  + Oy  When  taken  by 
itself,  its  effects  on  stratospheric  chemistry  are 
small.  But  when  it  is  taken  with  another  reaction, 
H02  + NOj  -»  HN02  + Oj,  which  you  have  sug- 
gested elsewhere  as  a source  of  nitrous  acid,  the 
effects  are  large. 


HEICKLEN:  The  best  values  for  the  rate  coeffi- 
cient of  HOj  + NO  -♦  HO  + N02  is  now  about 
10' 12  cm3  sec'1.  The  rate  coefficient  of  H02  + N02 
is  one-seventh  of  that  - we’ve  rechecked  it  recently  - 
which  means  roughly  2 X 10* 3 cm3  sec'1. 

SCHIFF:  If  HOj  + N02  is  2 X 10'13,  and  if 
HN02  + Oj  is  as  fast  as  1 O' 1 5 , then  their  combined 
effect  on  the  partition  among  stratospheric  odd-nitrogen 
compounds  is  significant.  Neither  reaction  is  important 
by  itself. 

GARVIN:  That  should  remind  us  of  the  need  for  good 
absolute  rate  coefficients  for  the  reactions  of  H02. 

UNIDENTIFIED:  I was  glad  to  see  Dr.  Garvin’s 
emphasis  on  uncertainties  in  measurement,  because  the 
error  is  really  about  as  important  as  the  value  itself  in 
assessing  the  validity  of  models  in  stratospheric 
chemistry. 

UNIDENTIFIED:  Well,  in  our  formal  experiments,  the 
random  measurement  errors  are  between  5 and  about  8 
percent.  But  there  are  surely  larger  systematic  errors. 
I have  yet  to  see  - except  in  extraordinarily  special 
cases  - interlaboratory  comparisons  that  agreed  to  bet- 
ter than  25%. 
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WB57F-BORNE  MEASUREMENTS  OF  UV  FLUX  AND 
OZONE  OVERBURDEN 
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Waltham,  Massachusetts 


ABSTRACT:  A filter-wheel  UV  spectrophotometer  has  been  used  to  measure  the  vertical  downward 
solar  UV  flux  over  the  200  to  400  nm  region.  Several  high-altitude  WB57F  flights  have  provided  solar 
UV  data  over  the  latitude  range  50°  south  to  60°  north.  The  decrease  in  flux  from  the  320-300  nm 
region  allows  the  ozone  overburden  to  be  calculated  and  latitudinal  ozone  overburden  profiles  are  thus 
obtained.  Profiles  have  been  obtained  for  altitudes  of  10  to  19  km,  and  show  the  general  pattern  of  a 
minimum  near  the  equator  with  increasing  levels  of  ozone  toward  the  poles.  At  times,  the 
equator-to-pole  ozone  profiles  tend  to  increase  in  steps  over  a degree  or  two  in  latitude,  and  occasional 
profiles  show  the  presence  of  ozone  bands  several  degrees  wide.  While  the  general  trend  of  the 
equator-to-pole  profiles  appears  to  be  stable  over  the  course  of  a few  weeks,  the  ozone  bands  show 
significant  variations  in  about  one  week. 


INTRODUCTION 

The  stratospheric  ozone  layer  shields  the 
earth’s  surface  from  solar  UV  radiation  at  wave- 
lengths less  than  320  nm.  It  is  thus  essential  for 
most  life  forms,  since  it  absorbs  precisely  those 
wavelengths  which  are  most  damaging  to  them. 
Because  of  the  possible  effect  of  SST  emissions 
on  the  ozone  layer,  measurements  of  the  solar 
UV  flux  and  ozone  overburden  have  been  an 
important  part  of  CIAP.  A filter-wheel  UV 
spectrophotometer  (UVS)  has  therefore  been 
built  and  flown  on  several  of  the  CIAP  flights 
in  the  Airstream  series.  The  instrument  has  been 
described  by  Sellers  et  al.  (1973)  and  by  Sellers 
and  Hanser  (1973). 

The  results  of  our  first  four  Airstream  flights 
were  presented  in  tabular  form  by  Hanser  and 
Sellers  (1974).  Here,  we  present  most  of  these 
results  in  graphic  form  and  point  out  some  of  the 
major  features  of  the  predominantly  north-south 
(light  measurements.  It  has  also  been  possible  to 
calculate  several  ozone  densities  from  changes  in 
the  overburden  measured  at  various  aircraft 
altitudes. 

The  results  discussed  here,  together  with 
additional  data  still  in  analysis,  form  an  impor- 
tant baseline  measurement  for  monitoring  future 
ozone-layer  changes.  Because  of  natural  vari- 
ability, it  is  important  that  as  much  data  as 
possible  be  obtained.  Recent  calculations  of  the 
possible  reduction  of  the  ozone  overburden  by 


fluorochloromethanes  (e.g.,  Crutzen  (1974)  and 
references  cited  therein)  show  that  the  ozone 
shield  also  faces  potential  reduction  from  several 
sources  in  addition  to  SST  emissions,  and  thus 
should  be  carefully  monitored  in  the  decades 
ahead. 

OZONE  RESULTS  DERIVED 
FROM  UV  FLUX  DATA 

The  UVS  was  designed  for  high-altitude  solar 
UV  measurements,  where  the  Rayleigh-scattered 
light  forms  a small  part  of  the  instrument 
response.  The  measured  UV  fluxes,  examples  of 
which  have  been  presented  by  Sellers  and  Hanser 
(1973),  show  the  expected  fall-off  below  320 
nm,  caused  by  the  ozone  overburden.  From  the 
measured  UVS  intensities,  the  ozone  overburden 
is  calculated  as  described  by  Hanser  and  Sellers 
(1974).  Once  the  ozone  overburden  is  known, 
the  UV  intensities  can  then  be  recalculated  from 
the  solar  zenith  angle  and  the  pressure  altitude. 
Thus,  the  calculated  ozone  overburden  is  a good 
summarizing  parameter  for  the  measured  UV 
fluxes.  While  the  complete  UV  flux  data  have 
been  presented  in  tabular  form  by  Hanser  and 
Sellers  (1974),  here  we  discuss  only  the  calcu- 
lated ozone  overburdens. 

Much  of  the  UVS  data  obtained  thus  far 
covers  the  Albuquerque-Panama  flight  path  for 
the  CIAP  WB57F.  This  flight  path  is  shown  in 
Figure  I.  The  best  data  for  this  path  were 
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obtained  on  22  and  31  January  1974,  and  are 
plotted  in  Figure  2.  The  ozone-overburden  values 
have  an  uncertainty  of  about  10%,  which  is 
usually  systematic,  as  shown  by  the  small  spread 
in  Figure  2.  The  statistical  variation  of  the  points 
is  usually  determined  by  noise  in  the  aircraft 
data-recording  system,  and  occasionally  is  quite 
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Figure  1.  Map  showing  typical  WB57F  Albuquer- 
que-Panama  flight  path. 


The  results  in  Figure  2 were  obtained  from 
data  taken  at  constant  altitude  except  for  the 
indicated  periods.  The  altitude  shifts  that  oc- 
curred with  small  horizontal  change  lead  to 
measurable  ozone  densities,  and  are  presented  as 
the  first  three  lines  in  Table  1.  The  errors  in  the 
ozone  density  in  Table  1 are  a few  X 1017/m3 
The  ozone  density  values  are  in  reasonable 
agreement  with  measurements  summarized  in  a 
report  by  Wu  (1973). 

The  most  noticeable  feature  in  Figure  2 is 
the  ozone  band  between  about  27°  and  33°N 
latitude.  A detailed  study  of  the  raw  data  has 
shown  that  an  instrumental  effect  did  not  cause 
this  structure,  and  we  are  confident  that  it  is  real. 
A check  of  the  National  Weather  Service 
200-mb-height  isotach  map  for  1 200  GMT  on  3 1 
January  1974  shows  a close  correlation  of  the 
ozone  band  with  greater-than-70-knot  eastward- 
flowing winds.  This  is  in  agreement  with  the 
findings  of  Prabhakara  et  al.  (1971)  that  an 
ozone  maximum  over  southern  Asia  was  cor- 
related with  the  track  of  the  easterly  jet.  Their 
ozone  data  were  obtained  from  infrared  measure- 
ments on  Nimbus  3.  Another  interesting  feature 
is  the  step  in  ozone  overburden  at  about  14°N  in 
the  22  January  data. 

Ozone  results  for  the  23  September  1973 
flight  over  the  path  of  Figure  1 are  shown  in 
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Table  1.  Measured  Ozone  Densities  from  UVS  Data  on  Several  C1AP  Airstream  Flights 


Data  in 
Figure 

No. 

Date  of 

Data 

(yr-mo-day) 

Lat. 

(deg  N) 

Long, 
(deg  W) 

Average 

Altitude 

(km) 

Altitude 

Range 

(km) 

Ozone 

Density 

(1017/m3) 

2 

740122 

33.1 

104 

16.9 

1.2 

9.0 

2 

740122 

24.2 

89 

17.8 

1.0 

22.1 

2 

740131 

23.8 

89 

« » i* 

2.5 

1.5 

3 

730923 

31.3 

101 

18.0 

1.7 

14.6 

3 

730923 

33.3 

105 

18.1 

1.5 

12.3 

3 

730923 

34.2 

105 

15.0 

4.7 

6.0 

4 

730602 

24.9 

90 

18.4 

0.6 

28.2 

4 

730607 

33.8 

106 

13.1 

6.3 

15.4 

5 

730907 

-11.0 

79 

17.1 

3.6 

7.0 

5 

730912 

-13.6 

72 

17.0 

3.5 

5.3 

6 

740127 

-43.9 

67 

16.8 

1.4 

24.8 

6 

740127 

41.5 

67 

14.9 

2.4 

3.3 

6 

740127 

-35.5 

66 

16.8 

1.4 

19.7 

6 

740128 

-14.8 

76 

16.8 

1.6 

10.1 

7 

730605 

16.5 

63 

16.9 

2.2 

10.5 

Figure  3.  Here,  the  overburden  shows  only  a very 

north  of  25°N 

is  most  likely  due  to  penetration 

gradual  rise  to  about  25°N;  some  structure  at  31 

of  the  ozone  layer  as  its  mean  height  decreases. 

to  34°N,  due  solely  to  aircraft  altitude  changes, 

Ozone  results  for  2 June  and  7 June 

is  illustrated  by  the  calculated  interpolated  values 

1973  are  shown  in  Figure  4.  The  flight  path 

shown  in  the  enlarged  insert.  The  slight  decrease 

is  that  shown  in  Figure  1.  The  7 June  data  for 
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16.4  km  show  a gradual  overburden  increase 
away  from  the  equator,  while  the  2 June  data, 
available  for  only  the  northern  half  of  the  flight, 
show  a decrease  north  of  25°N.  The  latter  effect 
is  again  probably  due  to  penetration  of  the  ozone 
layer,  as  the  2 June  flight  was  above  18  km.  The 
altitude  step  near  25°N  for  the  2 June  data  gives 
an  ozone  density  of  about  28  X 1017/m3  at  18.4 
km,  and  while  this  is  a reasonable  value,  the  large 
statistical  variations  evident  in  the  2 June  data 
make  it  uncertain  by  perhaps  a factor  of  two. 

Ozone  results  from  the  southern  hemisphere 
for  early  September  1973  are  shown  in  Figure  5. 
The  data  are  from  a tota'  of  four  flights,  at  a 
number  of  altitudes.  Ozone  densities  calculated 
from  altitude  changes  are  shown  in  Table  1.  Gaps 
in  the  results  are  due  to  either  aircraft  maneuver- 
ing, UVS  malfunction,  aircraft  tape-recorder 
malfunction,  or  extremely  noisy  data.  The  most 
noticeable  features  are  the  ozone  minimum  near 
10°  to  20°S  latitude,  and  the  ozone  band  at  40° 
to  47°S.  Southern-hemisphere  results  for  late 
January  1974  are  shown  in  Figure  6.  Here,  the 
ozone  layer  appears  to  be  nearly  constant  over  a 
large  latitude  range,  although  there  seem  to  be 


sharp  changes  near  5°N,  possibly  near  40°S,  and 
also  at  30°  to  35°S.  The  results  from  Figures  5 
and  6 - for  a north-south  path  at  about  70°W 
longitude.  Measurable  ozone  densities  from  alti- 
tude shifts  are  given  in  Table  1 . 

Ozone  results  from  flights  from  Panama  to 
Antigua  are  shown  in  Figure  7.  The  30  January 
1974  data  show  a continuous  rise  toward  north- 
ern latitudes.  The  5 June  1973  data  show  a 
possible  peak  at  12°  to  15°N,  but  this  may  be 
due  to  penetration  of  the  ozone  layer  north  of 
15°N.  The  altitude  change  during  the  return 
portion  of  the  June  flight  gives  an  ozone  density 
of  about  1 1 X 1017/m3  at  16.5°N  and  16.9  km, 
as  is  shown  in  Table  1 . 

Results  from  a 1 November  1973  flight  are 
shown  in  Figure  8.  Here,  an  ozone  step  is 
observed  at  41°  to  42°N,  although  lack  of  data 
beyond  46°N  makes  it  impossible  to  tell  whether 
this  is  a true  step  or  a band  associated  with  the 
jet  stream.  Figure  9 shows  ozone  overburden 
from  a number  of  early  June  1973  flights  near 
Panama.  Here,  a possible  weak  ozone  minimum 
at  7°  to  9°N  is  evident. 


Figure  4. 


Ozone  overburden  data  from  2 and  7 June  1973  flights. 
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DISCUSSION  AND  CONCLUSIONS 

The  ozone  results  presented  here  are  impor- 
tant because  they  give  a high-resolution  measure- 
ment of  the  ozone  overburden  for  a long  path 
length  over  a comparatively  short  time.  The 
structure  occasionally  present  provides  informa- 
tion about  the  dynamics  of  ozone  transport  in 
the  atmosphere.  The  data  show  that  structural 
features  in  the  ozone  overburden  can  vary 
rapidly  with  time  - changing  significantly  in  the 
course  of  a week  (see  Figure  2)  — while  the 
general  trend  of  the  ozone  overburden  is  only 
slowly  varying  (compare  Figures  2,  3,  and  4). 
Analysis  of  additional  data  will  provide  more 
information  about  these  short-  and  long-term 
variations. 

Monitoring  for  long  time  periods  will  be 
necessary  to  determine  the  natural  variability  of 
the  ozone  overburden  and  its  detailed  time  and 
latitude  structure.  Such  monitoring  is  clearly 
necessary  in  order  to  evaluate  the  effect  of 
potential  or  actual  anthropogenic  atmospheric 
perturbations.  It  may  be  that  gradual  changes  in 
a long-path-length  ozone  measurement  (as,  e.g., 
in  Figure  3)  are  indicative  of  stable  ozone 
conditions  for  the  particular  season  and  geo- 
graphical location,  and  this  type  of  measurement 
may  be  best  for  monitoring  long-term  changes  in 
the  ozone  overburden.  The  presence  of  steps  and 
bands  in  the  ozone  overburden  (as,  e.g.,  in  Figure 
2)  may  indicate  a changing  ozone  pattern  at  that 
particular  latitude  and  time  which  is  not  suitable 
for  comparison  against  a baseline  measurement. 
It  is  hoped  that  analysis  of  additional  data  and 


future  monitoring  will  provide  answers  to  these 
questions. 
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ABSTRACT:  Field  measurements  of  erythemal  ultraviolet  radiation  by  several  sensors  yield  both  a 
climatology  of  this  fraction  of  the  solar  spectrum  and  the  relationship  of  the  observed  intensities  to 
environmental  factors  such  as  cloudiness,  air  mass,  ozone,  turbidity,  and  ground  albedo.  In  general,  the 
results  conform  to  expectation,  but  the  provisional  magnification  factor  (ratio  of  percentage  change  in 
ultraviolet  radiation  to  percentage  change  in  ozone)  is  slightly  less  than  the  commonly  quoted  value  of 


two. 

For  the  past  few  years,  the  Department  of 
Transportation’s  Climatic  Impact  Assessment 
Program  has  supported  a series  of  measurements 
of  erythemal  ultraviolet  radiation  (hereafter 
called  UV-B)  at  a number  of  locations  within  the 
United  States.. These  data  have  provided  the  first 
observational  climatology  of  UV-B  radiation  in 
the  U.S.A.  Comparison  of  the  UV-B  data  with 
environmental  factors  permits  a quantitative 
assessment  of  their  effects  on  UV-B  radiation. 

Figure  1 shows  the  location  of  the  12 
Temple  University  dosimeters,  the  two  Air 
Resources  Laboratories  dosimeters,  the  two 
Smithsonian  Radiation  Biology  Laboratory 
filter-wheel  radiometers,  and  the  Dobson  spectro- 
photometers (total-ozone  measuring  instru- 
ments). The  Temple  device  depends  upon  the 
fluorescence  of  a magnesium  tungstate  stratum 
caused  by  UV-B  radiation.  It  is  a simple,  rela- 
tively inexpensive  instrument  based  on  a design 
of  Dr.  D.F.  Robertson  of  Australia  (1972).  The 
ARL  dosimeters  are  modified  Dobson  spectro- 
photometers which  respond  to  UV-B  radiation  in 
proportion  to  the  Urbach  and  Berger  (1972) 
erythemal  action  spectrum  (shown  in  Figure  6). 
Finally,  the  Smithsonian  Radiation  Biology 
Laboratory  has  installed  a filter-wheel  radiometer 
at  Tallahassee,  Florida.  The  transmission  through 


the  eight  filters  may  be  seen  in  Figure  2.  By 
properly  weighting  the  signal  from  each  of  the 
filters,  it  is  possible  to  approximate  any  ultra- 
violet action  spectrum  desired.  This  will  be  useful 
if  and  when  an  experimentally  measured  car- 
cinogenic spectrum  replaces  the  erythemal  or 
sunburning  action  spectrum  that  is  now  used  to 
approximate  it. 

Figure  3 shows  the  high  correlation  between 
measurements  of  UV-B  by  the  modified  Dobson 
instrument  and  those  made  with  the  Temple 
sensor.  In  fact,  the  high  correlation  of  0.96  at 
Bismarck  shown  in  Figure  3 is  exceeded  by  the 
correlation  at  Tallahassee  (0.98).  This  graph  also 
permits  the  conversion  of  the  Temple  meter 
readings  to  joules/m2  (2.8  “counts”  equals  1 
joule/m2). 

Using  the  conversion  just  noted,  the  pro- 
visional results  for  nine  stations  with  the  Temple 
instruments  during  1973-74  appear  in  Figure  4. 
This  figure  displays  the  decrease  in  UV-B  from 
south  to  north.  The  annual  pattern  shows  a more 
marked  northward  gradient  than  do  the  summer 
points.  But  there  are  irregularities  in  the  lati- 
tudinal trend  which,  in  large  part,  reflect  dif- 
ferences in  cloudiness,  a prime  environmental 
factor  controlling  the  amount  of  UV-B  radiation 
reaching  the  ground. 
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Figure  1.  Location  of  instruments  to  measure  ultraviolet  solar  radiation  and  total  ozone. 

A second  very  obvious  factor  controlling  the 
quantity  of  UV-B  radiation  received  at  the 
ground  is  the  zenith  angle  of  the  sun,  or  air  mass 
(the  secant  of  the  zenith  angle).  But  the  air-mass 
variation  changes  the  amount  of  solar  radiation 
differently  at  each  UV-B  wavelength.  Figure  5, 
reproduced  through  the  courtesy  of  Dr.  R. 
Lehman  of  NOAA,  shows  the  relative  intensity 
of  direct  solar  radiation  at  various  air  masses 
between  1.05  (sun  near  the  zenith)  and  2.2  (sun 
closer  to  the  horizon).  The  intensities  of  solar 
radiation  have  been  normalized  at  308.5  nm.  The 
non-normalized  values  can  be  recovered  by  multi- 
plying the  appropriate  air-mass  values  by  the 
number  under  s.f.  in  the  upper  left-hand  corner 
of  the  figure.  It  follows,  then,  that  solar  radiation 
decreases  with  increasing  air  mass.  However,  it 
decreases  more  rapidly  at  shorter  wavelengths 
than  at  longer  wavelengths.  Since,  as  seen  in 
Figure  6,  the  erythemal  action  spectrum  peaks  at 
about  296  nm  (2960  Angstrom  units),  the 
decrease  in  erythemal  solar  energy  due  to 
increasing  air  mass  (greater  solar  zenith  angle)  is 
much  more  rapid  than  that  due  simply  to 


Figure  2.  Filter  transmission  curves  for  the  Smith- 
sonian Radiation  Biology  Laboratory 
filter-wheel  radiometer  at  Tallahassee, 
Florida. 
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Figure  3.  The  relationship  between  the  daily  total  “counts”  of  the  Temple  dosimeter  and  the  daily 
integrated  measurements  of  the  ARL  modified  Dobson  spectrophotometer. 


increasing  the  length  of  the  air  column  between 
the  sensor  and  the  sun. 

Figure  6 shows  the  Urbach  and  Berger 
(1972)  erythemal  action  spectrum.  The  ARL 
modified  Dobson  spectrophotometer  has  a mask 
which  admits  radiant  energy  proportionally  to 
this  spectrum.  The  ozone  absorption  coefficient 
as  a function  of  wavelength  also  appears  on  the 
figure.  Thus,  the  shorter  UV-B  wavelengths 
between,  say,  290  and  300  nm,  which  are  most 
effective  in  producing  sunburn,  are  also  those 
strongly  absorbed  by  ozone. 

Using  this  absorption  coefficient,  several 
investigators  have  deduced  theoretical  attenu- 
ation factors  which  include  UV-B  scattering  in 
varying  degrees  of  sophistication.  Table  1 lists 
some  of  the  more  recent  results.  The  magnifi- 
cation factors—  that  is,  the  ratio  of  the  per- 
centage change  in  UV-B  to  that  of  ozone  - range 
from  about  1.5  to  a little  over  2.0. 

Figure  7 presents  the  magnification  factor  as 
a function  of  ozone  amount.  The  heavy  solid  line 


reflects  Shettle  and  Green’s  (1974)  theory  and  is 
very  close  to  the  often-quoted  value  of  2.0.  The 
remaining  lines  and  points  depend  on  empirical 
fits  to  observed  UV-B  and  total  ozone  data 
collected  at  Bismarck,  N.D.  The  pairs  of  solid 
and  dashed  lines  vary  with  air  mass,  the  lowest 
set  being  for  air  mass  1.0  and  the  upper  set  for 
air  mass  1.6.  Several  features  of  these  lines  are  to 
be  noted.  First,  the  magnification  factor  in- 
creases with  increasing  ozone  amount.  Typical 
total-ozone  readings  in  the  U.S.  lie  in  the  range 
0.300  to  0.400  atm-cm.  The  fairly  well-marked 
dependence  of  magnification  factor  on  ozone 
amount  results  from  their  assumed  functional 
relationship,  shown  in  the  lower  right-hand  side 
of  Figure  7.  A few  trial-and-error  calculations 
suggest  that  a single  exponential  form  fits  the 
data  best,  but  this  conclusion  must  be  provisional 
for  the  time  being.  The  second  feature  shown  by 
the  figure  is  the  lower  magnification  factor  for 
clear-plus-cloud  conditions  compared  with  clear 
weather. 
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Figure  4.  A plot  of  relative  intensity  of  ultraviolet  radiation  looking  directly  at  the  sun  with  differ- 
ent air  masses.  All  readings  from  a double  spectrophotometer  have  been  normalized  to  a 
common  reading  of  unity  at  308.5  nm.  The  “absolute”  values  at  each  air  mass  (m)  may 
be  found  by  multiplying  the  relative  values  by  the  scale  factors  under  s.f.  in  the  upper 
left  side  of  the  figure.  (This  figure  is  reproduced  through  the  courtesy  of  Dr.  R.  Lehman 
of  NOAA,  who  took  the  measurements  in  the  Washington,  D.C.  area.) 


When  the  empirical  relationship  for  various 
air  masses  and  ozone  amounts  is  applied  to  daily, 
clear-sky  UV-B  data,  one  obtains  the  values 
indicated  by  the  crosses  in  Figure  7 (the  dates 
appear  adjacent  to  the  crosses).  The  mag- 
nification factor  at  any  one  location  (Bismarck  in 
this  case)  varies  with  the  day  of  the  year  because 
of  the  variation  in  air  mass.  The  provisional 
results  of  these  data  suggest  that  the  magnifica- 
tion factor  may  be  between  1.5  and  2.0  rather 
than  the  commonly  accepted  value  of  2.0. 

Atmospheric  turbidity  also  attenuates  the 
UV-B  radiation  received  at  ground  level.  Figure  8 


relates  the  UV-B  radiation  in  the  body  of  the 
figure  to  turbidity  and  ozone  amount  at  Talla- 
hassee. Theory  suggests  that  changes  in  turbidity 
at  low  readings  will  have  a smaller  impact  on 
the  UV-B  than  the  same  percentage  change  in 
turbidity  at  higher  values  of  turbidity.  This 
expectation  is  confirmed  at  the  low-turbidity 
station,  Bismarck,  where  the  UV-B  dependence 
on  turbidity  cannot  be  given  with  certainty.  But 
at  Tallahassee,  Figure  8,  there  is  a fairly  clear-cut 
decrease  of  UV-B  with  increasing  turbidity. 
However,  despite  these  results,  the  dependence 
of  UV-B  solar  radiation  on  turbidity,  keeping  all 
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Figure  6.  The  Urbach-Berger  erythema!  action  spec- 
trum (heavy  curve)  and  the  ozone  absorp- 
tion curve  (thin  straight  line).  (From 
Shettle  and  Green,  1974.) 

other  factors  constant,  is  not  as  easy  to  demon- 
strate even  at  Tallahassee  as  that  of  UV-B  on 
total  ozone. 

Finally,  the  albedo  of  the  ground  also  plays 
a role  in  controlling  the  amount  of  UV-B  global 
radiation  (both  the  Temple  and  ARL  instruments 
measure  global  or  direct-plus-diffuse  radiation). 
This  may  be  seen  in  Figure  9,  in  which  the 
amount  of  UV-B  radiation  is  stratified  according 
to  the  presence  or  absence  of  snow  on  the 
ground.  The  figure  again  shows  the  dependence 
of  UV-B  on  total  ozone,  but  it  also  illustrates  the 
increase  in  UV-B  on  days  with  snow  cover  (high 


Table  1.  Theoretical  Ratio  of  Percent  Increase  of  Erythemal  Ultraviolet  Radiation  to  Percent  Decrease  in 

Thickness  of  Total  Ozone  Column  (Magnification  Factor)  (adapted  from  Urbach  and  Davies,  1975) 


Magnification  Factor 

Reference 

for  5%  Oj  Decrease 

Comments 

Chavaudra  and 

Direct  component  only  - sun  at  zenith 

Latarjet  (1973) 

1 .40 

Using  Coblentz  and  Stair  (1934)  action  spectrum. 

1.80 

Using  Cripps  and  Ramsay  (1970)  action  spectrum. 

Schultze  (1974) 

Evaluation  from  results  for  a 10%  decrease  of  O3 
layer  thickness,  assuming  a linear  law  down  to  5%. 

1.80 

In  equatorial  zone. 

2.20 

In  polar  zone. 

Green  et  al.  (1974) 

2.00 

Evaluation  from  Figure  8,  for  Gainesville.  Florida 
at  noon. 

Green  et  al.  (1975)  2.00 

2.06 

1.55 


i 


( 


i 

j 


409 


MACHTA,  COTTON,  HASS,  AND  KOMHYR 


Figure  7.  Variation  with  ozone  amount  of  the  UV-B-to-ozone  magnification  factor.  The  solid 
heavy  line  is  a theoretical  estimate  by  Green  for  unit  air-mass  unity  and  clear  skies,  sug- 
gesting a magnification  factor  of  two.  The  thin  dashed  lines  are  empirical  fits  to  the  data 
collected  at  Bismarck  for  clear  skies;  the  thin  solid  lines  apply  to  both  clear  and  cloudy 
conditions.  The  extinction  factor  for  ozone,  K,  has  been  found  to  vary  slightly  between 
periods  of  clear  and  cloudy  skies.  The  crosses  show  the  magnification  factors  for  the 
entire  day  with  no  clouds,  as  computed  from  the  same  empirical  formula  noted  in  the 
lower  right.  In  the  formula  a0  and  a(  are  empirically  derived  parameters,  SR  stands  for 
the  solar  radiation  from  about  300  to  3000  nm,  K is  an  empirically  derived  ozone- 
extinction  coefficient,  m is  air  mass,  and  03  stands  for  the  ozone  in  atm-cm. 


Figure  8.  The  dependence  of  UV-B  radiation  on 
turbidity  at  Tallahassee.  (The  coefficient 
of  turbidity  increases  as  the  air  becomes 
more  turbid.)  The  numbers  in  the  body  of 
the  figure  are  the  fluxes  of  UV-B  radiation 
at  air  mass  1.90  and  the  indicated  ozone 
amount.  The  sloping  lines  derive  from  a 
bilinear  regression  analysis  of  the  plotted 
values.  The  figure  shows  a decrease  of 
UV-B  radiation  with  increasing  turbidity 
at  the  same  air  mass  and  ozone  amount. 
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Figure  9.  The  effect  of  snow  cover  on  the  UV-B 
radiatioa  This  figure  shows  that,  at 
Bismarck,  the  global  (direct  plus  diffuse) 
UV-B  radiation  increases  when  snow 
cover,  with  its  higher  albedo,  replaces  the 
bare  ground. 
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albedo)  as  opposed  to  those  with  bare  ground 
(low  albedo). 

In  conclusion,  the  findings  of  the  CIAP- 
sponsored  UV-B  measurement  program  generally 
conform  to  expectation.  The  provisional,  empiri- 
cal magnification  factors  relating  UV-B  and  total 
ozone  are  slightly  smaller  than  the  usually 
quoted  value  of  2.0. 
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DISCUSSION  HANSER:  I don’t  think  so,  since  we  fly  at  high  altitude 

and  use  more  than  one  bandpass  filter  to  discriminate 
(UNIDENTIFIED):  Dr.  Hanser,  is  there  any  possibility  *mon*  the  wavelength-dependent  components  of  scat- 

that  some  of  the  features  you  see  are  due  to  changes  in  ,ere  ® ' 

underlying  albedo,  such  as  might  occur  over  bright 
clouds? 


U.S.  Department  of  Transportation 


Fourth  Conference  on  CIAP,  February  1975 
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ABSTRACT:  Measurements  of  HNOj,  N02,  NO,  O-j,  solar  ultraviolet  flux,  and  infrared  and 
submillimeter  spectra  were  obtained  from  balloons  launched  from  Churchill,  Manitoba  in  July  1974. 
The  results  are  summarized  and  the  concentration  ratios  of  the  various  species  are  compared  with 
theoretical  calculations. 


INTRODUCTION 

The  stratospheric  models  which  are  used  to 
predict  the  effects  of  future  fleets  of  SST’s  and 
halomethane  usage  on  the  stratospheric  ozone 
layer  are  extremely  dependent  on  the  photo- 
chemical reaction  sets  used  to  model  the  distribu- 
tions of  minor  nitrogen  constituents.  Two  years 
ago,  the  Atmospheric  Environment  Service 
undertook  a project  to  obtain  a set  of  simul- 
taneous measurements  of  key  stratospheric  con- 


stituents in  order  to  verify  the  currently  accepted 
photochemical  schemes.  The  project  consisted  of 
a large,  complex  balloon  payload  with  ten 
scientific  experiments;  five  were  conducted  by 
AES  scientists,  and  five  by  experimenters  in 
Canadian  universities.  Detailed  information  on 
the  experiments,  the  experimenters,  and  the 
parameters  measured  with  each  instrument  are 
given  in  Table  1.  The  payload  engineering  and 
field  support  of  gondola  systems  were  carried  out 
by  SED  Systems  Ltd.,  Saskatoon. 


Table  1.  AES  Balloon  Project 


Experiment 

Experimenters 

I.  SOLAR  ABSORPTION 

Scanning  solar  radiometer 

W.  Evans,  S.  Bain 

N02  spectrophotometer 

A.  Brewer,  J.  Kerr, 

T.  McElroy 

N02  scanning  photometer 

D.  Wardle 

UV  flux  spectrometer 

D.  McEwen 

II.  EMISSION 

HNOj  radiometer 

W.  Evans,  C.  Lin 

Scanning  emission 
radiometer 

W.  Evans,  C.  Midwinter 

Far  IR  Michelson 
interferometer 

T.  Clark,  D.  Kendall 

IR  spectrometer 

E.  Llewellyn 

III.  SAMPLING 

NO  snooper 

H.  Schiff,  B.  Ridley 

03  sampler 

R.  Olafson,  J.  Kerr 

Ozonesonde 

Affiliation 

Wavelength 

Oam) 

Item 

Measured 

A.E.S. 

2 to  14 

h2o,  o3,  n2o 

U.  of  Toronto,  A.E.S. 

0.44 

O 

C4 

O 

Z 

A.E.S. 

0.44  to  0.45 

no2 

U.  of  Saskatchewan 

0.19  to  0.31 

UVflux.Oj 

A.E.S. 

11.3 

HNOj 

A.E.S. 

4 to  8 

H2O.Oj 

U.  of  Calgary 

80  to  300 

o3,  h2o,  hno 

U.  of  Saskatchewan 

1 to  4 

OH*,Oj('a) 

York  University 

Chemiluminescent 

NO 

A.E.S. 

Chemiluminescent 

O3 

A.E.S. 

Sampling 

P,  T,  H20,  03 
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Two  flights  were  conducted  from  Churchill, 
Manitoba,  on  July  8 and  July  22,  1974.  Only 
partial  measurements  were  obtained  from  the 
first  flight,  but  most  experiments  functioned  well 
on  the  July  22  flight.  The  altitude/time  profile 
for  the  July  22  flight  is  shown  in  Figure  1. 
Measurements  of  the  altitude  profiles  of  nitric 
acid,  nitric  oxide,  and  ozone,  shown  in  Figure  2, 
were  made  during  the  balloon  ascent;  remote- 
sensing measurements  of  nitrogen  dioxide,  water 
vapor,  ozone,  and  other  gases  were  made  during 
sunset  by  long-path  solar  absorption.  Similar 
measurements  were  made  during  the  sunrise 


n o'  as  oe  o»  oa 


Figure  1.  The  altitude-time  profile  for  the  July  22 
balloon  flight  from  Churchill,  Manitoba 
(58.6°N,  94°W). 
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Figure  2. 


Mixing-ratio  profiles  of  HNOj,  NOj,  and 
NO  measured  on  the  July  22  flight. 


period,  and  further  profile  information  was 
obtained  during  the  valved  descent  in  the  late 
afternoon. 

A series  of  four  ozonesondes  was  flown  in 
conjunction  with  the  main  scientific  gondola 
launch  to  provide  meteorological  and  ozone  data; 
they  were  flown  six  hours  before,  during,  six 
hours  after,  and  twelve  hours  after  the  main 
launch.  In  addition,  a rocketsonde  was  fired  from 
Churchill  on  July  23,  1974,  which  provided 
information  on  temperature  and  winds  up  to 
60  km.  The  mean  temperature  structure  was 
quite  similar  to  the  U.S.  Standard  Atmosphere 
for  60°N,  July,  with  the  tropopause  located  at 
1 1 km.  An  analysis  of  the  ozonesonde  profiles 
indicated  that  the  measured  ozone  distribution 
was  similar  to  the  mean  ozone  distribution  at 
Churchill  for  July  obtained  earlier  (Hering  and 
Borden,  1965)  with  the  exception  of  a higher 
peak  mixing  ratio  of  7 ppmv.  The  total  ozone 
amount,  as  determined  from  the  ground-based 
Dobson-spectrophotometer  measurement,  was 
0.35  atm  cm. 

The  nitric  acid  profile  shown  in  Figure  2 was 
obtained  with  a liquid-nitrogen-cooled  multi- 
channel radiometer  which  measured  atmospheric 
thermal  emission  in  the  1 1 ,3+tm  band  of  HNOj 
during  the  balloon  ascent.  The  radiance  profiles 
obtained  were  consistent  with  those  measured  by 
Murcray  et  al.  (1973)  at  other  latitudes.  The 
HNO3  mixing-ratio  vertical  profile  showed  a 
broad  layer  peaked  at  24  km  with  a peak  mixing 
ratio  of  6 ppbv.  The  total  amount  of  HNO3 
measured  above  the  tropopause  was  0.32  matm 
cm. 

The  NO2  profile  was  obtained  from  our 
inversion  analysis  of  measurements  taken  by  C.T. 
McElroy  of  the  University  of  Toronto  (see 
Bloxam  et  al.,  1975)  of  the  differential  absorp- 
tion of  the  solar  spectrum  in  the  4500-A  region 
during  sunset.  The  F value  varied  by  0.08  at  94°, 
corresponding  to  a path  length  of  * 10  matm  cm 
of  N02 ; this  long  absorption  path  produced  an 
excellent  signal-to-noise  ratio.  The  N02  mixing 
ratio  varied  slowly  from  0.2  ppbv  at  the  tropo- 
pause to  more  than  6 ppbv  above  30  km. 

The  NO  profile  was  measured  by  B.  Ridley 
and  H.  Schiff  of  York  University  (Ridley  et  al., 
1975)  with  their  direct-sampling  chemilumines- 
cence technique.  The  NO  mixing  ratio  varied  from 
0.25  ppbv  at  1 9 km  up  to  3 ppbv  at  the  float 


413 


EVANS,  KERR,  AND  WARDLE 


altitude  of  34.5  km.  When  converted  to  concen- 
trations, this  represents  an  approximately  con- 
stant number-density  profile,  with  a “bite”  taken 
out  in  the  region  of  the  ozone  layer. 


COMPARISON  WITH  THEORY 

A simulation  of  the  ratios  of  the  constitu- 
ents has  been  carried  out,  using  the  rate  coeffi- 
cients and  photodissociation  parameters  recom- 
mended in  Table  5.39  of  CIAP  Monograph  1 
(1975)  in  a diumally-averaged  steady-state 
calculation. 

The  OH  concentrations  were  calculated  from 
a parameterization  suggested  by  McConnell 
(1975): 


1 7 I 4 S I t t IN 

NO, /NO  RATIO 


[OH]  = 


[kH2o+0(ip)]  [CH1  P)]  [h20]  /r 

kOH+HQ2 


Figure  3.  A comparison  of  the  measured  ratio  of 
NOj/NO  with  the  simulated  ratio  as  a 
function  of  altitude. 


where  R = [H02]/[0H] 

The  ratio  of  N02  to  NO  was  calculated  from 
the  expression : 

[kN0+03l  [O3] 

Rno*/no  = Jno2  + [kN02  + C>]  [O] 

It  should  be  noted  that  this  ratio  was 
calculated  using  the  measured  ozone  number 
density  and  the  measured  temperature.  The 
observed  ratio  of  N02/N0,  as  calculated  from 
the  measured  N02  and  NO  profiles,  is  shown  in 
Figure  3.  (The  time  lag  between  the  observations 
of  NO  and  N02  has  been  taken  into  account  in 
this  calculation.)  The  calculated  ratio,  when  com- 
pared with  the  observed  ratio  of  N02/N0,  has  a 
similar  altitude  variation;  it  would  be  in  absolute 
agreement  if  the  observed  NO  concentrations 
were  increased  by  a factor  of  1.8  or  if  the 
observed  N02  concentrations  were  decreased. 
Alternately,  one  could  postulate  that  the  labora- 
tory value  for  the  rate  constant  for  the  NO  + 03 
reaction  is  too  small,  although  the  difference 
from  theory  is  within  the  experimental  accuracy 
of  the  NO  and  N02  measurements. 


In  Figure  4,  the  simulation  of  the  ratio  of 
HNOj  to  N02  has  been  calculated  from  the 
expression : 

[fcom-NoJ  [OH]  [M] 

RhNQ3/N02  [JHNq3]  + [koH+HN03]  [OH] 


The  ratio  (kdAp)  calculated  using  the  CIAP  rate 
indicates  uniformly  good  agreement  with  the 
observed  ratio  at  most  altitudes;  both  the  shape 
and  magnitude  of  the  calculated  ratio  agree  with 
those  of  the  observed  ratio.  A calculation  with 
the  McElroy  et  al.  (1974)  value  for  koH+N02 
gives  poorer  agreement;  although  the  shape  is  still 
similar,  the  calculated  ratio  is  too  large  by  a 
factor  of  two  at  most  altitudes.  It  should  be 
noted  that  these  calculations  have  been  made  for 
a low-OH  model;  a value  of  2 X 10~10  cm3/sec 
was  used  for  k0H+H02-  Larger  hydroxyl  con- 
centrations in  the  model  would  not  produce  as 
good  agreement  with  the  observed  HN03/N02 
ratio. 

A third  comparison  involving  the  observed 
nitric  acid  and  nitric  oxide  concentrations 
is  shown  in  Figure  5.  The  simulated  ratio 
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Figure  4.  A comparison  of  the  measured  ratio  of 
HNOj/NOj  with  the  simulated  ratio  as  a 
function  of  altitude. 

RHN03/N0  can  be  obtained  from  the  previous 
calculations: 


constant  values;  no  serious  flaw  in  current 
photochemical  theory  is  indicated. 

Of  prime  interest  to  the  problem  of  the 
ozone  balance  is  the  mixing  ratio  of  odd  nitrogen 
(~  NOy).  As  shown  in  Figure  6,  model  calcula- 
tions indicate  that  this  should  be  approximately 
constant  as  a function  of  altitude  from  20  to 
40  km.  The  observed  NO,  N02,  and  HN03 
mixing  ratios  have  been  summed  to  derive  the 
NOy  mixing-ratio  profile  (Curve  A).  Overall,  the 
observations  indicate  an  odd-nitrogen  mixing 
ratio  of  about  10  ppbv.  This  should  be  compared 
with  the  1 1 ppbv  of  the  Vupputuri  (1975)  model 
(Curve  E)  and  the  10  ppbv  of  the  McConnell 
model  (McElroy  et  al.,  1974)  (Curve  D).  These 
two  models  have  been  plotted  on  the  right-hand 
side  of  Figure  5 with  their  tropopause  heights 
(16  km)  adjusted  to  the  observed  tropopause 
altitude  (11  km). 


RHN03/N0  = rhno3/no2  * rN02/N0 

The  ratio  calculated  with  the  recommended 
C1AP  value  (kCjAP)  has  an  altitude  variation 
similar  to  that  of  the  observed  ratio,  RHN03/N02. 
but  is  somewhat  smaller  at  most  altitudes. 
The  ratio  calculated  with  the  McConnell  and 
McElroy  (1973)  value  (kM)  shows  improved  but 
not  complete  agreement  with  the  observed  ratio. 
The  observed  ratio  falls  between  the  two  calcu- 
lated cases  at  altitudes  below  25  km. 


01  1 1 10  W) 
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Figure  5.  A comparison  of  the  measured  ratio  of 
HNOj/NO  with  the  simulated  ratio  as  a 
function  of  altitude. 

Again,  the  discrepancy  is  within  the  error 
limits  of  the  measurements  and  laboratory  rate- 


Figure  6.  The  observed  odd-nitrogen  mixing  ratio  in 
comparison  with  the  distribution  of  NOy 
from  several  stratospheric  computer 
models  used  to  predict  stratospheric  pollu- 
tion effects. 

The  odd-nitrogen  mixing  ratio  from  the 
two-dimensional  model  of  Prinn  et  al.  (1975) 
(Curve  C)  gives  an  opportunity  for  a comparison 
at  60°N  in  July;  there  is  excellent  agreement 
with  the  shape  of  the  observed  NOy  profile, 
although  the  peak  mixing  ratio  of  their  model  is 
14  ppbv. 

SUPPLEMENTARY  MEASUREMENTS 

Measurements  of  the  solar  ultraviolet  flux  in 
the  wavelength  interval  from  1900  to  3000  A 
with  a resolution  of  2 A were  obtained  on  the 
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first  flight  by  D.J.  McEwen  (University  of  Sas- 
katchewan). The  radiation  in  the  2100-A  window 
produces  03  and  dissociates  fluorocarbons.  Mea- 
surements at  a float  altitude  of  29  km  were  made 
over  a range  of  solar  zenith  angles  from  40°  to 
85°.  A theoretical  simulation  of  the  ultraviolet 
flux  measurements,  using  the  observed  ozone, 
temperature,  and  density  distributions,  is  cur- 
rently under  way. 

Measurements  of  the  submillimeter  thermal- 
emission  spectrum  over  the  range  30  to  120  cm"1 
with  a resolution  of  « 0.3  cm"1  were  obtained 
with  a Michelson  interferometer  by  T.A.  Clark 
(University  of  Calgary).  Lines  from  O3  and  H20 
are  readily  identifiable  and  lines  from  HC1,  N02, 
and  HNO3  may  be  present. 

Atmospheric  spectra  in  the  range  from  1.0 
to  3.1  /am  were  measured  with  a scanning  infra- 
red spectrometer  by  E.J.  Llewellyn  (University 
of  Saskatchewan).  These  include  the  diurnal 
variation  of  chemiluminescent  emissions  from 
vibrationally  excited  hydroxyl  and  02('  A);  the 
02(jA)  measurements  will  be  used  to  infer  the 
ozone  distributions  above  the  balloon  float 
altitude. 

SUMMARY 

In  conclusion:  The  altitude  profiles  of  HNO3, 
N02,  and  NO  have  been  measured  on  the  same 
balloon  flight.  The  N02/NO  ratio  is  a factor  of 
two  larger  than  predicted.  An  increase  in  the  NO 
densities  by  a factor  of  1.8  would  bring  the 
observed  ratio  for  N02/NO  into  exact  agreement 
with  the  theoretical  value.  The  HN03/N02  and 
HNO3/NO  ratios  are  close  to  the  ratios  calcu- 
lated for  a low-OH  model  with  the  exception  of  a 
factor-of-two  discrepancy  at  30  km.  There  is  no 
significant  disagreement  between  currently 
accepted  photochemical  schemes  and  these 
observations*,  considering  the  uncertainties  in  the 
rate  constant  for  the  OH  + N02  reaction  and  the 
OH  densities;  a measurement  of  OH  is  probably 
essential  for  a complete  experiment.  In  relation 
to  the  validity  of  models,  the  measured  NOy 
mixing  ratio  verifies  that  the  odd-nitrogen  con- 


tent of  the  stratosphere  is  approximately 
10  ppbv,  close  to  the  mixing  ratios  calculated  or 
assumed  in  most  models.  It  should  be  cautioned 
that  this  is  a preliminary  analysis  of  most  of  the 
experimental  data,  and  the  final  constituent 
profiles  may  change  somewhat;  however,  it  is  not 
anticipated  that  the  main  conclusions  will  be 
altered. 
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ABSTRACT:  NO  was  measured  on  two  balloon  flights  made  from  Churchill  (58°N,  95°W)  during  July 
1974  with  a chemiluminescence  sampler.  One  flight,  made  during  high-sun  conditions,  found  mixing 
ratios  increasing  from  0.3  to  2.7  ppbv  between  17  and  29.5  km.  The  second  flight  found  values 
increasing  from  0.25  to  2.7  ppbv  between  17  and  30.5  km,  and  a constant  mixing  ratio  of  2.7  ppbv 
between  30.5  and  *34.5  km.  Measurements  were  also  made  during  a sunset,  and  the  decay  of  NO 
(measured  down  to  the  instrument’s  detection  limit)  is  compared  with  that  calculated  from  a 
1-dimensional  stratospheric  model. 


I 


At  present  it  is  believed  that  reactions 
involving  odd  nitrogen,  NOx,  form  the  dominant 
catalytic  cycle  for  03  destruction  in  the  strato- 
sphere below  about  45  km.  As  part  of  a program 
to  continue  measurements  of  NO  in  the  atmo- 
sphere, we  have  completed  two  balloon  flights 
from  Churchill,  Manitoba  which  enabled  us  to 
make  mixing-ratio  measurements  between  about 
17  and  34.5  km.  On  one  of  these  flights,  the  NO 
experiment  was  incorporated  into  the  multi- 
experiment gondola  of  the  Canadian  Atmo- 
spheric Environment  Service  which  was  designed 
to  obtain  simultaneous  measurements  of  several 
NOx  species.  Comparisons  of  various  data 
obtained  from  this  flight  were  presented  in  Dr. 
Evans’  paper.  In  this  note,  in-situ  NO  measure- 
ments during  high-sun  conditions  and  during 
sunset  are  presented. 

EXPERIMENTAL 

The  NO/Oj  chemiluminescence  instrument 
for  in-situ  NO  sampling  and  the  payload  configu- 
ration for  balloon  transport  have  been  described 
in  detail  elsewhere  (Ridley  and  Howlett,  1974; 
Ridley  et  al.,  1974,  1975).  Experimental  tests  to 
confirm  that  no  significant  sampling  errors  are 
encountered  with  this  payload  configuration 
have  also  been  described  (Ridley  et  al.,  1974, 
1975).  Provision  is  made  for  on-board  calibration 
of  the  instrument  by  the  addition  of  small 
known  flows  of  NO  to  the  air  sample  flow  from  a 
high-pressure  tank  containing  a few  ppm  of  NO 


in  N2.  Analysis  of  this  flight  calibration  bottle 
before  and  after  the  balloon  flights  gave  NO 
concentrations  which  agreed  to  5%.  The  esti- 
mated accuracy  of  the  data  presented  below  is 
30%. 

The  balloons  were  launched  from  Churchill, 
Manitoba,  at  58°N,  95°W  Flight  1 took  place  on 
July  16,  1974;  it  used  a 2.3  X 104  m3  balloon 
with  the  payload  suspended  some  30  m below. 
Measurements  were  made  between  22:00  and 
0)  :00GMT  during  ascent  and  float.  Flight  2 was 
made  on  July  22,  1974;  a 3.1  X 105  m3  balloon 
with  the  payload  suspended  about  100m  below 
was  used.  Measurements  were  made  from  00:30 
to  04:00  GMT  and  for  an  additional  2.5  hours 
after  visible  sunset.  Visible  sunset  on  the  balloon 
occurred  near  04:08  GMT.  For  flight  2 some 
problems  were  encountered  in  the  determination 
of  the  balloon  float  altitude.  This  note  assumes 
that  float  was  near  34.5  km;  there  is  a possibility 
that  this  figure  is  about  1 km  low. 

RESULTS 

The  NO  mixing  ratios  obtained  for  solar 
zenith  angles,  x.  less  than  90°  are  shown  in 
Figure  1 and  in  Tables  1 and  2.  The  tabulated 
number  densities  were  calculated  from  atmo- 
spheric density  data  determined  from  radiosonde 
releases.  The  03  profile  for  flight  1,  shown  in 
Figure  2,  was  obtained  from  an  ozonesonde 
release  from  the  Churchill  station  just  after  the 
launch  of  the  NO  instrument. 
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Figure  1.  Vertical  NO  volume  mixing-ratio  profiles 
obtained  from  Churchill  and  Holloman 
AFB,  New  Mexico  with  x < 90°. 


Table  1.  NO  Data  for  Flight  1,  July  16,  1974 


Mixing 

Number 

Time 

Altitude 

Ratio 

Density 

(GMT) 

(km) 

(ppbv) 

(cm'3) 

22:05 

17.5 

0.35 

0.94  x 109 

18.6 

0.32 

0.72 

19.6 

0.42 

0.82 

21.2 

0.75 

1.1 

23.2 

1.2 

1.3 

22:30 

24.8 

1.4 

1.2 

25.75 

2.0 

1.5 

26.8 

2.2 

1.4 

28.8 

2.1 

1.1 

29.4  ± 0.3 

2.7 

1.3 

2.3 

1.1 

2.2 

1.1 

23:04 

2.1 

1.0 

2.6 

1.2 

2.7 

1.3 

V 

2.7 

1.3 

2.3 

1.1 

23:31 

2.8 

1.4 

2.6 

Li 

3.1 

1.5 

2.3 

1.1 

24:00 

3.0 

1.5 

3.1 

1.5 

3.0 

1.5 

2.8 

1.4 

3.1 

1.5 

2.9 

1.4 

3.0 

1.5 

24:30 

2.5 

1.2 

2.7 

1.3 

2.9 

1.4 

2.7 

1.3 

24:50 

2.3 

1.1 

Table  2.  NO  Data  for  Flight  2,  July  22,  1974 


Mixing 

Number 

Time 

Altitude 

Ratio 

Density 

(GMT) 

(km) 

(ppbv) 

(cm'3) 

00:33 

17.2 

0.27 

7.9  X 108 

18.9 

0.24 

5.5 

19.7 

0.23 

4.6 

20.6 

0.27 

4.7 

21.5 

0.37 

5.6 

01:02 

22.9 

0.46 

5.6 

23.5 

0.58 

6.4 

24.1 

0.57 

5.8 

24.6 

0.76 

7.1 

25.9 

0.91 

7.0 

26.7 

0.99 

6.7 

01:30 

27.5 

0.90 

5.4 

28.2 

1.2 

6.5 

29.4 

1.9 

8.5 

29.9 

2.2 

9.1 

30.5 

2.6 

9.7 

31.0 

2.6 

9.1 

02:03 

31.8 

2.5 

7.7 

32.0 

2.5 

7.5 

32.4 

2.7 

7.6 

32.8 

2.7 

7.1 

33.5 

2.3 

5.4 

33.7 

2.4 

5.5 

02:31 

34.0 

2.7 

5.9 

34.1 

2.9 

6.0 

* 34.5 

2.6 

5.3 

2.4 

4.9 

2.8 

5.7 

2.8 

5.7 

03:04 

3.0 

6.0 

2.8 

5.7 

In  both  cases,  the  NO  mixing  ratio  increases 
strongly  with  altitude  between  19  and  29  km,  a 
trend  in  agreement  with  data  of  earlier  flights 
from  New  Mexico.  Flight  1 exhibits  significantly 
higher  mixing  ratios  between  20  and  28  km, 
though  the  profiles  converge  at  the  higher  alti- 
tudes. At  float,  with  x < 90°,  there  is  little 
variation  in  the  muting  ratio  during  the  measure- 
ment period.  For  flight  1 the  average  value  is 
2.7  ± 0.2  ppbv  for  the  two-hour  period.  For 
flight  2 the  average  value  is  again  2.7  ±0.2  ppbv 
but  the  measurement  time  is  only  about  26 
minutes. 

Flight  2 also  permitted  measurements  to  be 
made  during  sunset  while  the  balloon  was  at 
float.  The  open  circles  of  Figure  3 show  the  ratio 
of  NO  during  sunset  to  the  average  high-sun  value 
of  2.7  ppbv.  The  instrument  operated  for  an 
additional  2.5  hours  after  visible  sunset,  but  the 
NO  mixing  ratio  remained  below  the  limit  of 
detection  of  the  instrument  (ca.  0.06  ppbv). 
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Figure  2.  Vertical  ozone  number-density  profile  for 
the  July  16,  1974  NO  balloon  flight. 


Figure  1 compares  the  Churchill  data  with 
that  obtained  from  Holloman  AFB,  New  Mexico 
(Ridley  et  al.,  1974,  1975).  The  New  Mexico 
data  was  obtained  during  fairly  high  sun  condi- 
tions. All  of  the  data  in  Figure  1 was  obtained 
with  two  essentially  identical  instruments  using 
similar  payload  configurations.  Although  the  pro- 
files exhibit  similar  trends,  with  mixing  ratio 
increasing  with  altitude  between  about  20  and 
30  km,  there  is  a difference  of  up  to  a factor  of 
10  in  the  20  to  26  km  region.  If  possible  seasonal 
and  latitude  effects  are  neglected  for  the 
moment,  this  difference  seems  to  indicate  that 
there  is  considerable  short-  and  long-term  vari- 
ability in  NO.  Short-term  variability  is  indicated 
by  the  Churchill  profiles,  which  were  taken  only 
six  days  apart.  Still  shorter-term  variability  was 
observed  at  float  on  the  November  13th  flight, 
where  NO  at  first  increased  and  then  decreased 
with  time  over  the  float  duration  of  about  two 
hours.  Similar  observations  of  variability  have 
been  noted  by  Ackerman  et  al.  (1974,  1975)  and 
by  Loewenstein  and  coworkers  (Loewenstein 
et  al.,  1974,  1975;  Savage  et  al.,  1975).  Also, 
Murcray  et  al.  (1974)  and  Lazrus  and  Gandrud 
(1974)  have  observed  considerable  variations  in 
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HNOj,  the  predominant  NOx  species  below 
about  30  km. 

Because  of  the  short-term  variations  in  NO 
observed,  it  is  and  will  be  difficult  to  unequivo- 
cally ascertain  seasonal  and  latitude  trends  from 
the  limited  amount  of  data  obtained  so  far  by 
various  groups.  Loewenstein  and  coworkers 
(Loewenstein  et  al.,  1974,  1975;  Savage  et  al., 
1974)  have  presented  data  which  may  indicate 
higher  NO  mixing  ratios  in  the  lower  stratosphere 
in  summer.  From  our  scanty  data  we  cannot 
confirm  this  possibility. 

Figure  4 gives  a plot  of  our  data  relative  to 
height  above  the  tropopause.  Overall,  this 
improves  the  agreement  of  the  Churchill  and 
New  Mexico  data.  It  is  not  easy  to  interpret  such 
a plot  of  data  from  two  latitudes,  however.  A 
general  lowering  of  the  tropopause  as  northern 
latitudes  are  approached  is  not  the  only  factor  in 
the  agreement,  because  03,  temperature,  trans- 
port and  solar  insolation  are  all  changing. 


straight-path  photolysis  and  neglects  the  possible 
effects  of  Rayleigh  scattering  and  albedo  on  the 
photolysis  rates.  The  solid  curve  in  Figure  3 is 
the  calculated  ratio  of  NOx/NOx=9o°  for  the 
actual  temperature  and  ozone  concentration 
measured  during  the  balloon  float.  Calculations 
with  a variation  of  ± 30%  in  03  and  ± 10°  in 
temperature  give  very  similar  results.  The  normal- 
ization to  x = 90°  is  rather  arbitrary;  the  dashed 
curve  gives  the  results  of  the  same  calculation 
normalized  at  x = 91 .7°.  In  both  cases  the 
agreement  between  the  calculation  and  the  data 
is  quite  good. 
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ABSTRACT:  Latitudinal  measurements  of  NO  and  O3  concentrations  were  carried  out  in  June  and 
October  of  1974  at  altitudes  between  18.3  and  21.3  km  using  in-situ  measuring  techniques.  Jhe 
observed  NO  number  densities  range  from  4 X 108  to  1.8  X 109  cm'3  and  are  consistent  with  other 
recent  in-situ  and  remote  observations  of  NO  concentrations  in  the  lower  stratosphere.  High  values  of 
NO  were  observed  near  5.5°N  and  in  the  60°  to  80°  north  latitude  range,  with  generally  lower  and 
steady  values  observed  in  the  20°  to  60°  north  latitude  range.  Ozone  measurements  show  the 
well-known  increase  of  ozone  toward  the  pole. 


INTRODUCTION 

In  this  note  we  report  some  early  results  of  a 
program  undertaken  to  determine  the  lower- 
stratosphere  concentrations  of  NO  and  O3  as 
functions  of  latitude  in  the  Northern  Hemi- 
sphere. Measurements  are  carried  out  in  situ  by 
instruments  carried  on  a U-2  aircraft  flying  in  the 
18.3  to  21.3  km  altitude  range.  Details  of  the 
chemiluminescence-type  detector  for  the  nitric 
oxide  measurements  and  the  ultraviolet-absorp- 
tion photometer  for  ozone  measurements  are 
described  elsewhere  (Savage  et  al.,  1974). 

The  results  presented  here  were  obtained 
from  two  experimental  flight  series:  (1)  flights 
made  in  June  1974  covering  latitudes  from  38° 
to  82°N,  and  (2)  flights  made  in  October  1974 
covering  latitudes  from  5.5°  to  37°N.  Most  of 
the  flight  data  were  obtained  near  157°  west 
longitude  along  a meridian  through  Honolulu, 
Hawaii  and  Barrow,  Alaska.  Between  38°  and 
65°N  the  flight  tracks  deviate  from  this  meridian 
by  a maximum  of  36°  to  the  east,  as  indicated  on 
the  map  of  Figure  1 . 

RESULTS 

The  NO  and  O3  data  from  the  June  1974 
and  October  1974  flight  series  are  summarized  in 
Figures  2 through  4,  and  important  flight  param- 
eters are  given  in  Table  1.  The  latitudinal 
measurement  coverage  is  continuous  from  5.5° 
to  82°  north  latitude.  Each  NO  data  point  is  the 
result  of  a three-minute  observation  of  the 
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atmosphere,  during  which  time  the  NO 
chemiluminescence-analyzer  output  is  recorded 
once  per  second,  followed  by  a six-minute 
instrument-calibration  cycle.  At  the  aircraft 
speed  of  206  m/sec  the  resolution  of  the  -data  is 
one  degree  of  latitude  per  data  point.  Ozone  data 
are  acquired  at  a rate  of  one  data  point  per  ten 
seconds;  thus,  03  is  measured  on  a nearly 
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continuous  basis.  A sampling  of  this  quasi-con- 
tinuous  03  record  is  shown  in  Figures  2 through 
4.  Figure  4 shows  data  obtained  on  the  flights, 
between  Moffett  Field,  California  and  Hickam 
AFB,  Hawaii;  for  operational  reasons,  these 
sampling  flights  were  carried  out  at  an  altitude  of 
19.8  km.  The  NO  data  from  the  21  October 
flight  show  a greater-than-normal  scatter,  due  to 
excess  noise  in  the  NO  instrument  on  that  day. 
This  instrument  malfunction  was  subsequently 
corrected. 

O OCTOBER  4,  197* 


□ OCTOBER  7.  1974 


north  latitude 


Figure  2.  NO  and  O3  concentrations  at  18.3  km 
altitude  as  a function  of  latitude  at  1 22° 
to  IS 8°  west  longitude. 

0 OCTOBER  «,  1974 


NORTH  LATITUDE 


Figure  3.  NO  and  O3  concentration  at  21.3  km 
altitude  as  a function  of  latitude  at  122° 
to  158°  west  longitude. 

The  accuracy  of  the  NO  data  varies,  depen- 
ding on  details  of  the  operating  condition  of  the 
NO  instrument  and  on  the  NO  level  being 


NORTH  LATITUDE 


WEST  LONGITUDE 


Figure  4.  Measurements  at  19.8  km  in  October 
1974.  Ozone  concentrations  are  a func- 
tion of  latitude,  NO  concentrations  a 
function  of  longitude. 

detected.  Typical  03  and  NO  error  limits  are 
shown  in  Figures  2 and  3 for  each  flight. 

Data  presented  elsewhere  (Loewenstein  et 
al.,  1976)  indicate  that  between  mid-June 
and  early  October  at  mid-latitudes 
(33°-40°N/122°W)  about  a 25%  decrease  in  NO 
concentration  is  observed  in  the  18  to  21  km 
altitude  range.  Thus,  assuming  that  this  seasonal 
variation  occurs  at  all  longitudes  between  122° 
and  157°W,  there  will  be  a small  discontinuity  in 
the  data  of  Figures  2 and  3 at  36°N.  All  data  for 
latitudes  north  of  36°N  were  acquired  in  June 
1974;  data  for  latitudes  south  of  36°N  were 
taken  in  October  1974.  The  seasonal  variation  of 
NO  has  not  yet  been  well  enough  documented  to 
allow  accurate  correction  of  our  latitudinal  data 
for  this  seasonal  effect.  This  discontinuity  of  the 
data  should  be  kept  in  mind  in  the  following 
discussion. 

Some  important  features  of  the  data  to  be 
noted  are  the  following: 

1 . NO  concentrations  increase  in  a souther- 
ly direction  from  30°N  at  both  the  18.3  and 

21.3  km  altitudes;  however,  the  most  striking 
increase,  by  a factor  of  nearly  three,  occurs  at 

18.3  km.  The  data  for  latitudes  south  of  20°N 
were  acquired  on  4 October  1974  and  the  data 
for  latitudes  between  20°  and  36°N  were  ac- 
quired on  7 October  1974.  Thus  it  cannot  be 
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Table  1.  Corollary  Data  for  the  Flights  in  the  Latitudinal  Survey  of  NO  and  03 


Run  Time 

Altitude 

Avg.  Temp. 

N Latitude 

W Longtitude 

Day- Year 

(UT) 

(km) 

(K) 

Range 

Range 

165-74 

1917-2242 

18.3 

229 

65-82 

148-157 

2300-0035 

21.3 

232 

169-74 

1955-2041 

18.3 

227 

61-71 

148-157 

2104-2240 

21.3 

229 

174-74 

1720-1850 

18.3 

226 

38-64 

122-144 

1906-2141 

21.3 

220 

274-74 

1845-2331 

19.8 

211 

22-37 

124-155 

277-74 

1815-2035 

18.3 

202 

5.5-20 

158 

2047-2300 

21.3 

212 

280-74 

1825-2044 

18.3 

206 

23-37 

158 

2057-2300 

21.3 

215 

294-74 

1727-2229 

19.8 

209 

22-36 

122-156 

ruled  out  that  natural  fluctuations  of  NO  over  a 
period  of  two  to  three  days  contribute  to  the 
measured  latitudinal  effects  that  are  shown  in 
Figures  2 and  3. 

2.  The  NO  data  for  latitudes  between  20° 
and  82°N  are  fairly  constant,  lying  generally 
between  6 X 108  and  1 X 109  cm'3  at  21.3  km, 
and  between  5 X 108  and  1 X 109  cm'3  at 
18.3  km.  Peaks  in  the  measured  NO  can  be  seen 
in  both  the  18.3  and  21.3  km  data  above  60°N 
latitude;  however,  these  are  not  observed  at  the 
same  latitude  for  the  two  altitudes. 

3.  The  data  of  1 October  and  21  October 
(shown  in  Figure  4)  are  not  part  of  the  lati- 
tudinal survey.  They  are  shown  to  provide  a 
comparison  of  nitric  oxide  concentrations  meas- 
ured at  the  same  altitude  along  the  same  flight 
track  but  20  days  apart.  Note  that  the  flight 
altitude  is  19.8  km,  which  is  different  from  that 
of  the  data  in  Figures  2 and  3. 

4.  The  ozone  data  show  an  expected  in- 
crease toward  northerly  latitudes,  partly  due  to 
the  natural  increase  of  ozone  toward  the  pole 
and  partly  because  the  flight  altitude  is  approach- 
ing the  altitude  of  the  ozone  peak  in  the  region 
of  70°  to  80°N  latitude. 

SUMMARY 

We  have  presented  data  on  the  latitudinal 
distribution  of  NO  in  the  altitude  range  of 
18-21  km.  These  are  early  results  of  a program 
undertaken  to  determine  the  global  distribution 


of  important  stratospheric  minor  constituents. 
High  values  of  NO  were  observed  at  latitudes 
south  of  20°N  compared  with  the  rather  steady 
values  observed  between  20°  and  80°N.  The  data 
coverage  for  NO  represents  about  one  data  point 
per  degree  of  latitude.  More  data  of  this  kind 
must  be  collected  to  reveal  any  average  strato- 
spheric structure  of  the  NO  latitudinal  distribu- 
tion. 

We  are  currently  planning  to  repeat  this  kind 
of  latitudmal  survey  to  accomplish  two  objec- 
tives: first,  to  acquire  data  from  5°  to  80°N 
latitude  in  a short  time  span  to  eliminate  the 
seasonal  split  now  present  in  the  data;  and 
second,  to  acquire  sufficient  data  to  provide  a 
better  average  distribution  of  NO  in  the  altitude 
range  of  18  to  21  km.  Also,  in  the  near  future, 
measurement  capability  for  N02  and  HNOj  will 
be  added  to  the  airborne  in-situ  sampling  system, 
to  allow  simultaneous  measurement  of  all  the 
important  odd-nitrogen  species. 
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ABSTRACT:  Nitric  oxide  and  ozone  concentrations  have  been  measured  in  situ  from  a high-altitude 
research  aircraft  based  at  the  NASA  Ames  Research  Center.  Data  which  show  the  variations  of  NO  and 
03  with  the  time  of  year  are  presented  for  18.3-  and  21.3-km  altitudes.  The  extreme  values  of  the 
observed  NO  concentrations  at  21.3  km  are  1.2  X 109  cm'3  in  summer  and  2 X 108  cm'3  in  winter. 
At  18.3  km  the  extreme  values  are  1.6  X 109  cm'3  in  summer  and  1 X 108  cm'3  in  winter.  The 
smoothed  NO  seasonal  data  show  variations  of  about  a factor  of  2.5  at  21.3  km  and  a factor  of  4 at 
18.3  km.  The  ozone  data  show  the  generally  expected  concentrations  and  seasonal  variation. 

We  have  used  a photochemical  model  employing  the  measured  ozone  concentrations,  the  mean 
solar  zenith  angle,  and  seasonal  HN03  data  reported  by  others  to  predict  the  seasonal  NO  variation  at 
20  km.  The  result  is  a summer-to-winter  NO  ratio  of  2.5  which  is  in  fair  agreement  with  the  observed 
ratios. 


INTRODUCTION 


The  importance  of  the  oxides  of  nitrogen  in 
the  chemistry  of  the  atmospheric  ozone  layer  has 
been  discussed  by  Crutzen  (1971)  and  Johnston 
(1971).  Both  authors  pointed  out  the  possibility 
that  the  ozone  layer  could  be  affected  by  nitric 
oxide  injection  from  supersonic-transport  opera- 
tions in  the  lower  stratosphere.  The  suggestion  of 
such  an  effect  has  motivated  various  efforts  in 
modeling  and  measurements  of  the  ambient 
stratosphere.  Recently,  several  workers  (McElroy 
et  al.,  1974;  Whitten  and  Turco,  1974)  have 
presented  one-dimensional  atmospheric  models 
including  transport  and  chemistry,  in  an  attempt 
to  provide  a more  realistic  assessment  of  the 
effect  of  nitric  oxide  on  the  ozone  layer. 

The  first  direct  NOx  measurement  (NOx  = 
NO  + N02)  in  the  lower  stratosphere  was 
reported  in  1971  (Hale  and  Pontano,  1971). 
Since  then,  a number  of  workers  have  reported 
measurements  of  NO  and  NO2  by  various 
techniques  at  altitudes  ranging  from  1 5 to  30  km 
(Ackerman  and  Muller,  1972;  Ackerman  et  al., 
1973,  1974;  Fontanella  et  al.,  1974;  Ridley  et 
al.,  1974a,  1974b;  Toth  el  al.,  1974;  Loewen- 
stein  et  al.,  1974a,  1974b;  Savage  et  al.,  1974; 
Patel  et  al.,  1974;  Murcray  et  al.,  1974).  These 
authors  measured  only  NO  or  N02  in  a particular 
experiment,  except  for  a simultaneous  measure- 


ment of  NO  and  N02  carried  out  by  Ackerman 
et  al.  (1974). 

Discrepancies  which  have  existed  between 
various  NO  measurements  are  now  beginning  to 
be  resolved  as  a pattern  of  seasonal  variations 
unfolds  from  our  data.  For  example,  Ackerman’s 
measurements  (Ackerman  et  al.,  1973),  which 
had  appeared  to  disagree  with  our  early  measure- 


ments (Loewenstein  et  al.,  1974a),  now  appear, 
because  of  the  seasonal  variation  of  NO,  to  agree 
well  with  our  new  data. 

A measurement  of  stratospheric  NO  (or 
N02)  yields  useful  information  about  N02  (or 
NO)  because  the  N0/N02  ratio  is  given  approxi- 
mately by  photochemical  theory.  The  time  con- 
stant for  interconversion  of  NO  and  N02  is 
about  100  sec  at  20  km;  therefore,  these  species 
are  in  photochemical  equilibrium  at  this  altitude. 
An  additional  factor  in  the  photochemistry  of 
NOx  is  its  conversion  to  nitric  acid  by  reaction 
with  OH.  Because  the  time  constant  for  such 
conversion  is  *=  1 06  sec  at  20km,HNO3  is  not  in 
photochemical  equilibrium  with  the  other  odd- 
nitrogen  compounds,  NO  and  N02.  Hence, 
measurement  of  NO  or  N02  alone  does  not  yield 
complete  data  on  odd-nitrogen  abundance. 

A continuing  measurement  program,  which 
will  also  yield  data  on  N02  and  HNO3  concen- 
trations, is  necessary  in  order  to  completely 
establish  seasonal  and  geographical  behavior  of 
NOx  concentrations  in  the  lower  stratosphere. 
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INSTRUMENTATION 


Our  measurements  of  nitric  oxide  and  ozone 
are  made  in  situ  with  instruments  carried  on  a 
U-2  aircraft  flying  at  altitudes  of  18.3  and 
21.3  km.  A flow  of  ambient  air  is  brought  into 
the  experiment  bay  of  the  aircraft  by  an  airscoop 
extending  beyond  the  aircraft  boundary  layer.  At 
a 21.3-km  cruise  altitude,  where  the  true  airspeed 
of  the  aircraft  is  206  msec"1,  the  pressure 
developed  at  the  inlet  scoop  is  12Torr  in  excess 
of  ambient  pressure.  Inside  the  experiment  bay,  a 
flexible  line  carries  the  airflow  to  a manifold 
from  which  flows  are  distributed  to  the  meas- 
uring instruments. 


Nitric  Oxide  Sensor 


Nitric  oxide  in  the  air  sample  is  detected  by 
the  chemiluminescence  method,  based  on  the 
reactions 


NO  + 03  ->•  NOj*  + 02, 


(la) 


•N02  + 02, 


(lb) 


)2*  -*•  no2  + hp, 


(2) 


N02*  + M-*N02  + M,  M=02  orN2.  (3) 


At  300K,  7%  of  NO  molecules  that  undergo 
reaction  with  ozone  will  react  via  path  (la), 
leading  to  excited-state  N02*  molecules  which 
then  decay  radiatively  via  reaction  path  (2),  or 
are  quenched  via  reaction  path  (3).  The  spectrum 
of  emitted  radiation  lies  between  0.6  and  3 /im, 
with  a broad  peak  near  1.2/zm.  A portion  of  this 
radiation  is  detected  in  the  NO  chemilumines- 
cence instrument. 

The  signal  observed  with  the  nitric  oxide 
chemiluminescence  instrument  is  proportional  to 
the  rate  at  which  NO  molecules  enter  the 
reaction  chamber  in  the  instrument;  thus, 


^atm  ^^atm^atm’ 


(4) 


where  Satm  is  the  observed  signal  from  the 
atmosphere  with  NO  volume  mixing  ratio  Xa(m 


flowing  through  the  instrument  at  a rate  F 


atm- 


K is  a constant  of  the  instrument  for  a fixed  set 
of  operating  conditions,  and  it  is  determined  by 
introducing  into  the  instrument,  during  the  flight 


measurements,  a metered  flow  Fca|  of  NO  in 
nitrogen,  whose  mixing  ratio  Xcaj  is  known.  The 
observed  instrument  response  is 


"*cal  ~ ^ ^cal^cal’ 


(5) 


where  Sca(  is  the  measured  calibrator  signal.  The 
instrument  constant  K is  periodically  determined 
during  atmospheric  measurements. 

The  linear  relationship  between  signal  and 
mixing  ratio  expressed  by  Eqs.  (4)  and  (5)  is 
assured  by  using  a large  excess  of  ozone  reactant 
relative  to  the  nitric  oxide  being  measured. 

In  the  chemiluminescence  instrument 
(Figure  1),  the  atmospheric  sample  and  ozone 
reactant  are  introduced  through  concentric  injec- 
tor tubes  into  a cylindrical  flow  reactor  which  is 
20  cm  long  and  5 cm  in  diameter.  The  reactor  is 
glass  with  an  interior  gold  plating  to  enhance 
light  collection  by  the  detector.  The  reaction- 
chamber  end  window  opposite  the  gas  injector  is 
a Corning  2-62,  6200-A  long-pass  filter.  An  EMI 
9659  photomultiplier,  which  has  a photocathode 
with  “extended  red”  sensitivity,  views  the  reac- 
tion chamber  through  the  2-62  filter.  The  photo- 
multiplier tube  is  operated  at  dry-ice  tempera- 
ture. Pulse-counting  electronics  are  used  to 
process  the  output  from  the  tube,  and  linear 
count-rate  circuits  provide  full-scale  analog  out- 
puts equivalent  to  104  and  3X  104  counts  per 
second,  each  with  a one-second  electronic  time 
constant. 
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Figure  1. 


Schematic  diagram  of  the  NO  detection 
apparatus. 


Ozone  reactant  is  provided  from  a 1 -liter 
stainless-steel  bottle  containing  a mixture  of 
nominally  8 mole  percent  ozone  in  liquid  Freon 
13.  Typical  reactant  flow  is  30-50  g hr'1  of  the 


426 


LOEWENSTEIN,  SAVAGE,  AND  WHITTEN 


Oj-Freon  solution.  NO  calibrator  gas  is  carried  in 
a 500-cm3  stainless-steel  bottle  which  is  filled  to 
500  psi  from  a master  calibrator-gas  cylinder 
prior  to  each  flight.  The  NO  mixing  ratio  of  the 
calibrator  currently  being  used  is  6.7  ppm  in 
nitrogen.  Calibrator  gas  flows  of  4 and 
10  cm3  min"1  STP  are  used  for  the  periodic 
instrument  calibration.  Air  sample  flow  through 
the  instrument  is  typically  19  X 103  cm3  min"1 
STP  at  a 21.3-km  cruise  altitude. 

The  NO  instrument  has  three  operating 
modes:  calibrate,  null,  and  measure.  Each  mode 
is  allotted  3 min,  which  yields  a 9-min  cycle  for 
one  complete  atmospheric  NO  measurement. 
Alternate  9-min  cycles  employ  the  high  and  low 
calibrator  flows  as  a check  on  the  linearity  of  the 
instrument  response. 

In  the  calibrate  mode,  the  calibrator  gas  flow 
is  added  into  the  atmospheric  gas  flow  upstream 
of  the  mixing  manifold.  In  the  null  mode,  the 
ozone  reactant  is  added  into  the  atmospheric 
flow  upstream  of  the  mixing  manifold.  To  check 
the  nulling  of  the  atmospheric  NO  in  this  mode, 
an  overlap  of  1 min  between  high-calibrator  and 
null  modes  is  provided.  This  gives  a direct 
measurement  of  the  nulling  efficiency  once  every 
18  min.  If  less  than  99%  nulling  is  observed,  the 
NO  data  are  corrected  correspondingly.  The 
minimum  detectable  NO  mixing  ratio  is  depen- 
dent on  the  instrument  operating  conditions  and 
is  generally  in  the  range  0.02  to  0.04  ppb,  which 
is  3 X 107  to  7X  107  molecules  cm'3  at 
21.3  km. 


The  instrument  operates  in  two  modes, 
measure  and  null.  In  the  null  mode,  an  Mn02 
scrubber  removes  ozone  from  the  airflow  and  a 
signal  I0,  proportional  to  the  unattenuated 
2537-A  intensity,  is  measured  and  stored.  In  the 
measure  mode,  a signal  I,  proportional  to  the 
attenuated  2537-A  intensity,  is  measured  and 
stored.  The  I and  Ig  values  are  used  to  obtain  the 
ratio 

Ig  — I 

1 - e“Pc  (6) 

*0 

where  a = 306  cm'1  atm'1  is  the  ozone  absorp- 
tion coefficient  at  2537  A,  p is  the  STP  partial 
pressure  of  ozone,  and  E=  71  cm  is  the  absorp- 
tion-tube length. 

The  measure  and  null  modes  are  of  5 sec 
duration  each;  thus,  an  ozone  measurement  is 
completed  in  10  sec.  The  instrument  sensitivity  is 
3 nbar  STP  of  ozone,  or  8X  1010  molecules 
cm'3. 

Atmospheric  Temperature  Sensor 

Outside  air  temperature  is  measured  with  a 
resistance  thermometer  and  is  recorded  by  the 
pilot  every  15  min  during  the  flight.  The  ac- 
curacy of  the  measurements  is  ±2K,  and  the 
average  temperatures  measured  are  listed  in 
Table  1 . 

MEASUREMENTS  AND  CALIBRATIONS 


Ozone  Sensor 

Ozone  is  measured  in  a commercial  ultra- 
violet photometer  (Bowman  and  Horak,  1972) 
by  monitoring  the  transmission  of  the  2537-A  Hg 
radiation  through  a 71 -cm  airpath.  This  wave- 
length lies  close  to  the  peak  of  the  strong  Hartley- 
continuum  absorption  of  ozone.  A temperature- 
controlled  Hg  lamp  is  used  as  the  2537-A  source, 
and  the  absorption  cell  is  continuously  flushed 
with  ambient  air  at  a flow  of  250  cm3  min'1 
STP.  A vacuum  photodiode  with  a CsTe  cathode 
is  used  to  detect  the  transmitted  2537-A  radia- 
tion. A second  identical  photodiode  detector 
viewing  the  Hg  source  directly  is  incorporated 
into  a servo  loop  to  control  the  output  intensity 
of  the  lamp. 


One  complete  nitric  oxide  measurement  is 
made  every  9 min  of  flight;  therefore,  the  spatial 
resolution  of  the  nitric  oxide  measurements  is 
110  km.  The  mean  mixing  ratio  of  NO  is 
calculated  using  Eqs.  (4)  and  (5): 


XNO 


^atm  ^cal 
^cal  ^atm 


'cal 


(7) 


where  Satm  and  Scai  are  the  signals  from  the 
atmospheric  nitric  oxide  and  the  nitric  oxide 
calibrator  as  derived  from  the  flight  data.  The 
uncertainty  in  the  ratio  of  these  signals  is  due  to 
the  counting  statistics  of  the  measure,  null,  and 
calibrate  determinations.  This  uncertainty  ranges 
from  1%  to  20%,  depending  upon  the  size  of  the 
NO  signals  being  detected  on  a particular  flight. 
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Table  1.  Summary  of  the  Flight  Parameters 


Start  Run 

End  Run 

Altitudes 

Avg.  Temp. 

N Latitude 

W Longitude 

Day-Year 

(UT) 

(UT) 

(km) 

(K) 

Range 

Range 

320-73 

1800 

2030 

18.3 

218 

38 

117-123 

21.3 

221 

340-73 

1900 

2200 

18.3 

210 

37.5-47.5 

121-123 

21.3 

213 

352-73 

1830 

2200 

18.3 

210 

37.5-49 

122-123 

21.3 

215 

022-74 

1800 

2100 

18.3 

220 

37.5-47.5 

121-123 

21.3 

219 

032-74 

1700 

2030 

21.3 

221 

37.5-49 

122-123 

070-74 

1745 

1930 

21.3 

221 

37.5-40.5 

106-122 

099-74 

1830 

1930 

18.3 

- 

35-37.5 

120-122 

125-74 

1700 

2130 

18.3 

212 

33-37.5 

112-122 

21.3 

217 

151-74 

1730 

2130 

18.3 

212 

33-37.5 

112-122 

21.3 

221 

175-74 

1900 

2140 

21.3 

220 

37.5-53 

122-130 

221-74 

1715 

1920 

18.3 

- 

37.5-40 

119-122 

21.3 

- 

234-74 

1715 

1915 

18.3 

211 

37.5-40 

119-122 

21.3 

227 

242-74 

1615 

1815 

18.3 

_ 

37.5-40 

119-122 

21.3 

- 

263-74 

1730 

1900 

21.3 

222 

37.5-40 

119-122 

329-74 

1915 

2230 

18.3 

208 

33-37.5 

112-122 

21.3 

211 

345-75 

1915 

2230 

21.3 

220 

33-37.5 

112-122 

352-74 

1815 

2130 

18.3 

222 

33-37.5 

112-122 

21.3 

225 

010-7S 

1815 

2130 

18.3 

221 

33-37.5 

112-122 

21.3 

224 

028-75 

1815 

2130 

18.3 

219 

33-37.5 

112-122 

21.3 

222 

044-75 

1815 

2130 

18.3 

216 

33-37.5 

112-122 

21.3 

221 

045-75 

1845 

1945 

18.3 

221 

36-37.5 

118-122 

Fcaj,  the  nitric  oxide  calibrator  flow  rate,  is 
measured  by  monitoring  the  differential  pressure 
across  a calibrated  capillary,  and  the  pressure  and 
temperature  within  the  capillary.  Calibrator 
flows  are  fixed  by  a pressure  regulator  and 
critical  orifices.  Fatm  is  determined  by  measuring 
the  differential  pressure  across  the  NO  instru- 
ment, and  the  pressure  and  temperature  in  the 
reaction  chamber.  The  uncertainty  in  the  ratio  of 
these  flows  is  estimated  to  be  ±10%. 


Xcaj  is  the  mixing  ratio  (of  nitric  oxide  in 
nitrogen)  of  the  calibrator  gas  used  in  the  flight 
experiments.  The  mixing  ratio  of  the  master 
calibrator  bottle  has  been  determined  recently 
(January  1975),  using  an  NOx  analyzer  which 
was  calibrated  against  an  N02  permeation  tube. 
The  result  is  Xcal  = 6.7  ± 0.7  ppm  NO  in  N2.  A 
previous  determination  of  the  mixing  ratio  in 
the  same  bottle  was  made  by  the  manufacturer 
in  February  1974  and  found  to  be  6.34  ± 0.13 
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ppm.  The  agreement  of  these  two  measurements 
indicates  that  the  NO-in-Nj  mixture  we  are  using 
is  stable,  and  we  have  adopted  our  own  measure- 
ment and  uncertainty  estimate  of  Xcal  for  the 
calculations  in  this  paper. 

A number  of  systematic  effects  on  the 
atmospheric  NO  determinations  have  been  identi- 
fied and  are  accounted  for  in  the  data  analysis. 
Briefly,  these  are: 

1.  Depletion  of  NO  in  the  flight  calibrator 
bottle  has  been  measured  to  be  3%  d' 1 ; 
this  bottle  is  normally  filled  within 
24  hr  prior  to  a flight,  and  a correction 
for  the  depletion  is  made  to  the  data. 

2.  When  incomplete  nulling  is  observed,  a 
correction  is  made  as  discussed  in  the 
previous  section. 

3.  Loss  of  NO  due  to  reaction  with 
ambient  ozone  in  the  inlet  lines  to  the 
NO  detector  has  been  computed  and  a 
correction  amounting  to  about  2%  is 
made. 

4.  Wall  losses  within  the  system  have  been 
measured  and  are  found  to  be  negligible. 

After  the  data  have  been  corrected  for  these 
systematic  effects,  there  remains  a residual  sys- 
tematic uncertainty  in  the  NO  data  of  ±3%. 

Combining  the  error  estimates  above,  we  can 
give  a range  of  uncertainties  for  the  data  pre- 
sented here.  When  the  counting  statistics  con- 
tribute much  less  than  10%  uncertainty,  the 
flows  and  the  NO-calibrator  mixing  ratio  fix  the 
uncertainty  at  ±15%.  For  a statistical  uncertainty 
as  large  as  20%,  which  is  sometimes  observed,  the 
overall  uncertainty  becomes  ±25%. 

One  complete  ozone  measurement  is  made 
every  10  sec  of  flight;  therefore,  the  spatial 
resolution  of  the  ozone  measurements  is  2 km. 
The  data  from  the  ozone  ultraviolet  photometer 
are  corrected  for  line  losses,  which  have  been 
determined  to  be  stable  at  15%  after  a system 
conditioning  time  of  30  min  under  simulated 
atmospheric  conditions.  The  estimated  uncer- 
tainty in  the  ozone  data  is  ± 1 5%. 

RESULTS 

Figtlres  2 and  3 and  Table  1 summarize  the 
results  of  flights  made  between  November  1973 


and  January  1975  and  show  the  seasonal  varia- 
tions of  03  and  NO  at  altitudes  of  18.3  and 

21.3  km.  Each  plotted  point  for  NO  and  03  is 
the  average  value  observed  at  that  altitude  on 
that  day.  Each  NO  point  is  typically  the  average 
of  8 to  12  observations.  The  size  of  the  rectan- 
gle for  each  NO  point  shows  the  spread  in  the 
values  measured  on  that  day  and  is  not  related  to 
the  uncertainty  of  the  individual  observations. 
The  small  spread  shown  for  some  of  the  flights  at 

18.3  km  is  due  to  the  small  number  of  observa- 
tions at  that  altitude.  Also  shown  for  comparison 
are  the  NO  data  of  Ackerman  et  al.  (1975)  and 
Ridley  et  al.  (1974a,b).  The  spread  of  the  03 
data  is  not  shown  in  Figures  2 and  3,  since  many 
of  the  spreads  are  of  the  order  of  the  size  of  the 
symbols. 
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Figure  2.  Average  NO  and  03  concentrations  at 
18.3  km  attitude  versus  time  of  year.  See 
Table  1 for  range  of  latitude  and  longi- 
tude. Symbol  size  for  the  NO  data  is 
determined  by  actual  spread  of  values  (not 
uncertainty). 


Figures  2 and  3 show  a seasonal  variation  in 
nitric  oxide  concentrations  at  both  18.3  and 

21.3  km.  At  21.3  km  NO  concentrations  are 
typically  1X1 09  cm'3  in  midsummer  and 
4 X 108  cm"3  in  winter,  although  extreme  values 
range  from  1.2  X 109cm'3  in  summer  to 
2X  108  cm'3  in  winter.  At  18.3  km  the  same 
trend  is  observed,  with  1.2  X 109cm'3  being  a 
typical  midsummer  NO  concentration,  decreasing 
to  3 X 108cm'3  in  winter.  In  this  case  the 
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whereas  the  principal  destruction  mechanism  is 

DAY  NUMBER 

photolysis, 

Figure  3. 

Average  NO  and  0,  concentrations  at 

21.3  km  altitude  versus  time  of  year. 

, See 

HN03  + hu  -*  OH  + N02. 

(10) 

Table 

1 for  range  of  latitude  and  longi- 

tude. 

Symbol  size  for  the  NO  data  is 

N0X  equilibrium  is  established 

by  the 

determined  by  actual  spread  of  values  (not 

reactions 

uncertainty). 

03  + NO  -*  02  + N02 

(11) 
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f3 4  in  summer 

and  1 X 108  cm'3 
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N02  + hv  NO  +0. 

(12) 

The  observed  seasonal  change  of  ozone 
concentration  at  both  18.3  and  21.3  km  is  in 
agreement  with  the  well-known  seasonal  varia- 
tion of  ozone  at  mid-latitudes. 

DISCUSSION 


For  an  assumed  condition  of  photochemical 
equilibrium  in  the  20-km  altitude  region,  we  can 
derive  a proportionality  between  NO  and  HNOj 
from  the  foregoing  six  chemical  reactions, 
namely, 


From  Figures  2 and  3 it  appears  that  NO 
varies  over  the  year  by  about  a factor  of  three  at 
the  altitudes  studied.  The  effect  is  slightly  larger 
at  18.3  km  than  at  21.3  km,  and  the  variation  is 
more  clearly  defined  at  the  lower  altitude. 

We  have  considered  various  possible  causes 
of  an  NO  seasonal  variation  with  the  observed 
phase  and  magnitude.  They  are: 

1.  Increased  oxidation  of  NO  to  HNOj, 
due  to  increased  winter  ozone  and 
decreased  winter  photolysis  of  HNO3. 

2.  Increased  oxidation  of  NO  to  HNO3, 
due  to  increased  water  vapor  in  winter. 

3.  Increased  transport  of  N-,0  from  the 
tropics  in  spring. 

4.  Increased  transport  of  NOx  and  HNO3 
into  the  troposphere  in  winter. 


[NO]  « 


JlO  [HNO3] 

[0312 


(13) 


where  J10  is  the  photolysis  rate  for  reaction 

(10). 

From  our  ozone  data  we  find  about  a 50% 
increase  in  midwinter  ozone  concentration  over 
the  summer  value.  From  some  of  our  one- 
dimensional model  results,  we  estimate  the 
HNO3  photolysis  rate  at  40°N  to  be  about  1.5 
times  greater  in  summer  than  in  winter.  If  we 
take  the  HNO3  winter  increase  at  20  km  to  be 
35%,  as  suggested  by  the  data  of  Murcray  et  al. 
(1976),  then  from  Eq.  (13)  the  summer-to-winter 
ratio  of  nitric  oxide  is  2.5,  in  rough  agreement 
with  our  observations. 

A more  definitive  treatment  of  the  seasonal 
variation  of  stratospheric  nitric  oxide  awaits 
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further  studies  with  our  two-dimensional  strato- 
spheric model  and  simultaneous  measurements  of 
O3,  NO,  N02,  HNOj,  and  OH. 
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ABSTRACT:  A sensitive  spectral-radiometer  system  capable  of  measuring  the  atmospheric  emission  in 
the  6.5-um  to  13.0-jim  region  has  been  constructed  for  use  on  the  WB57F'  aircraft  used  on  the 
Department  of  Transportation  Climatic  Impact  Assessment  Program.  The  data  obtained  with  this 
instrument  on  a number  of  flights  have  been  analyzed  to  determine  the  total  HNOj  column  density 
above  the  aircraft  at  various  latitudes  and  seasons.  Examination  of  these  data  indicates  a definite 
variation  of  HNOj  column  density  with  latitude,  and  possible  seasonal  variations. 

In  view  of  the  current  interest  in  the  fluorocarbon  pollution  problem,  infrared  laboratory 
absorption  spectral  measurements  of  CI-jCIj  and  CFCI  j were  performed  and  the  results  applied  to 
balloon  flight  data  of  August  12,  1968.  A volume  mixing  ratio  of  5 X 10' 1 1 v/v  is  derived  for  CFjCIj 
and  a probable  volume  mixing  ratio  of  2 x 10'11  v/v  is  estimated  for  CFCU.  These  values  are 
compared  with  calculations  by  Crutzen  and  by  Cicerone  et  al.  for  21  km.  Also,  an  upper  limit  for  HF 


in  the  lower  stratosphere  up  to  30  km  is  set  at  3 

INTRODUCTION 

The  initial  detection  of  stratospheric  HNOj 
(Murcray  et  al.,  1968)  was  based  on  an  absorp- 
tion feature  at  1325  cm'1  observed  in  solar 
spectra  obtained  at  sunset  from  30  km  using 
balloon-borne  instrumentation.  Laboratory  stud- 
ies, verified  by  subsequent  balloon  flights,  indi- 
cated that  absorption  features  in  the  11.3-pm 
region  were  much  better  suited  for  measuring  the 
stratospheric  concentration  of  HNO3.  All  of  the 
quantitative  results  we  have  presented  previously 
(Murcray  et  al.,  1969b;  Williams  et  al.,  1972; 
Brooks  et  al.,  1973)  have  been  based  on  observa- 
tions made  in  this  spectral  region.  These  studies 
indicated  that  infrared  atmospheric  emission 
spectra  could  also  be  used  to  obtain  HN03  data 
if  the  spectral-radiometer  systems  were  made 
sensitive  enough.  The  relative  advantages  of  these 
two  techniques  were  discussed  in  a previous 
article  (Murcray  et  al.,  1973).  The  earlier  data 
were  all  obtained  during  balloon  flights  made 
from  Holloman  AFB,  New  Mexico  or  Fairbanks, 
Alaska. 

As  part  of  the  Climatic  Impact  Assessment 
Program  (CIAP)  of  the  Department  of  Trans- 
portation we  constructed  a sensitive  spectral- 
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radiometer  system  for  use  on  the  WB57F  air- 
craft. With  this  system  it  is  possible  to  obtain 
data  over  a wide  geographic  area  in  a short  time. 
Data  on  the  total  column  density  of  HN03  above 
flight  altitude  have  been  derived  from  the 
measurements  made  during  a number  of  flights, 
and  are  presented  below.  These  show  a definite 
dependence  on  latitude,  and  possible  trends  of 
seasonal  dependence.  The  aircraft  has  the  dis- 
advantage that  the  peak  flight  altitude  obtainable 
is  well  below  the  peak  of  the  HN03  layer;  hence, 
information  concerning  the  distribution  with 
altitude  of  HN03  is  difficult  to  obtain  from 
these  data.  Therefore  only  total  column  densi- 
ties of  HNO3  are  presented  here. 

INSTRUMENTATION 

The  spectrometer  used  in  this  study  is  a 
0.38-meter  Littrow-type  grating  spectrometer  in 
which  the  radiation  is  double-passed  and  inter- 
rupted after  the  first  pass  by  means  of  a 
tuning-fork  chopper.  Chopping  the  optical  beam 
improves  the  spectral  purity  and  provides  an 
absolute  radiometric  reference.  A small  telescope 
narrows  the  spectrometer’s  field  of  view  to  1°  by 
4°.  The  spectrometer  and  telescope  assemblies 
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are  mounted  in  a liquid  helium  dewar  so  that  all 
components  in  the  detector’s  field  of  view  are 
cooled  to  less  than  10K,  with  the  exception  of 
the  dewar  vacuum  window.  For  maximum  instru- 
mental sensitivity  the  window  should  also  be 
cooled,  but  if  the  window  is  cooled  provision  has 
to  be  made  to  keep  frost  (H20  or  C02)  from 
forming  on  it.  Due  to  the  time  and  weight 
constraints  it  was  not  possible  to  incorporate 
such  a system  into  the  unit.  Instead  the  window 
was  partially  cooled  by  the  ambient  air  flowing 
over  the  nose  section  of  the  aircraft. 

The  ac  signal  developed  at  the  Ge:Cu  detec- 
tor from  the  chopped  radiation  is  amplified  by  a 
JFET  preamplifier  contained  in  the  dewar.  It  is 
then  further  amplified  and  synchronously  recti- 
fied outside  the  dewar  using  operational  ampli- 
fiers. The  total  system  gain  is  adjustable  from  the 
instrument  control  panel;  the  system  can  also  be 
operated  in  an  automatic  gain-control  mode 
which  adjusts  the  gain  so  that  the  peak  voltage  is 
between  2.8  and  4.8  Vdc  (which  is  within  the 
recording  range  of  the  aircraft  data-handling 
system).  A second  channel  of  the  data  system  is 
used  to  record  the  detector  signal  at  high  gain, 
while  a third  channel  is  used  to  record  the 
commutated  housekeeping  data.  For  the  flights 
reported  here,  the  detector  was  equipped  with  a 
filter  which  passes  radiation  from  6.5  pm  to 
13.0  pm.  This  wavelength  region  contains  emis- 
sion features  due  to  CH4,  N20,  03,  HN03,  H20 
and  C02.  Only  the  data  concerning  the  HN03 
distribution  have  been  reduced  to  date. 

DATA  REr-'  ICTION 

The  signal  voltage  as  measured  is  propor- 
tional to  the  difference  between  the  incident 
spectral  radiance,  from  both  the  atmosphere  and 
the  dewar  window,  and  the  reference  blackbody 
radiance  at  the  temperature  of  the  instrument. 
Since  the  internal  temperature  is  iess  than  10K, 
the  internal  radiance  is  taken  as  zero.  The 
window  used  in  the  dewar  is  chosen  for  low 
emissivity,  and  operates  at  ambient  air  tempera- 
ture; however,  at  the  higher  altitudes  this  emis- 
sion becomes  a significant  portion  of  the 
observed  signal  in  the  1 1-pm  region.  The  data  are 
reduced  using  calibration  factors  determined 
from  pre-  and  post-flight  instrument  calibrations. 
The  window  radiance  is  calculated  on  the  basis  of 


its  temperature  and  a curve  of  emissivity  versus 
wavelength  determined  from  laboratory  calibra- 
tions, and  is  subtracted  from  the  total  measured 
radiance  data.  The  remaining  radiance  is  due  to 
atmospheric  gases  and  particulates. 

Once  the  data  have  been  obtained  in  this 
form,  two  additional  steps  are  required  to 
determine  the  HN03  column  density  above  the 
aircraft.  The  first  step  is  to  determine  the 
emissivity  at  11.2pm,  and  the  second  is  to 
determine  the  HNO3  amount  from  this  emis- 
sivity. The  amount  of  HNO3  present  above  the 
aircraft  is  small  and  the  radiance  observed  at  the 
aircraft  comes  from  all  altitudes  above  the 
airplane.  Since  the  temperature  varies  with  alti- 
tude, one  has  to  make  some  assumption  about 
the  distribution  of  HN03  and  temperature  above 
the  airplane.  The  mean  height  of  the  HNO3 
column  density  was  determined  for  the  profiles 
derived  from  the  balloon  flight  data.  This  mean 
height  was  22  km  with  very  little  variation  with 
latitude  or  time  of  year.  In  view  of  this,  the  total 
HNO3  above  the  aircraft  was  assumed  for  the 
calculation  to  be  at  22  km  and  the  temperature 
at  that  altitude  was  determined  from  rawinsonde 
data  obtained  at  various  stations  close  to  the 
aircraft  flight  path.  By  using  a blackbody  radi- 
ance for  this  temperature,  it  is  possible  to 
determine  the  HNO3  emissivity  from  the  data. 
Since  the  HN03  emissivity  is  small,  it  lies  in  the 
linear  absorption  region,  and  the  total  column 
density  of  HNO3  above  the  aircraft  is  directly 
proportional  to  the  emissivity.  The  constants  of 
proportionality  have  been  determined  in  labora- 
tory measurements  (Goldman  et  al.,  1971). 

The  results  obtained  for  the  January  Air- 
stream  flights  are  given  in  Figure  I . Note  that  the 
points  represent  data  obtained  on  different  days, 
at  different  altitudes,  and  in  different  latitudes. 
There  is  some  local  variation  in  the  observed 
data.  Nevertheless,  a definite  dependence  of  the 
HNO3  column  density  on  latitude  is  evident, 
increasing  from  the  equator  to  high  latitudes. 
The  latitude  dependence  in  the  northern  hemi- 
sphere is  different  from  that  in  the  southern 
hemisphere,  and  appears  to  indicate  higher 
HNO3  values  in  the  winter  than  in  the  summer. 
However,  more  data  are  needed  before  a definite 
seasonal  dependence  can  be  established.  The  data 
points  that  fall  below  the  line  one  would  draw  to 
fit  the  dependence,  particularly  in  the  southern 
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hemisphere,  were  obtained  when  the  aircraft  was 
flying  at  18km;  and  it  appears  that  at  these 
latitudes  the  aircraft  has  penetrated  into  the 
HNO3  layer,  and  the  decrease  is  due  to  this 
rather  than  any  decrease  in  total  HN03  amounts. 
(On  the  average,  about  75%  of  the  HN03  '*es 
above  18  km).  The  balloon  data  are  also  plotted 
on  this  graph;  they  tend  to  confirm  the  latitu- 
dinal and  possibly  the  seasonal  dependence  one 
would  infer  from  the  aircraft  data. 


Figure  1.  Variation  of  HNO3  column  density  with 
latitude  from  the  January  Airstream  series. 

The  data  from  the  April  Airstream  series  are 
given  in  Figure  2.  The  latitudinal  dependence  is 
again  evident,  and  it  appears  that  we  are  still  in  a 
winter  regime  in  the  Northern  hemisphere;  how- 
ever, it  is  evident  that  the  layer  is  now  lower  in 
the  Northern  hemisphere,  and  the  high-altitude 
flights  are  penetrating  the  HN03  layer  at  the 
high  latitudes. 

It  should  be  emphasized  that  these  con- 
clusions are  based  on  a limited  amount  of  data, 
and  that  significant  day-to-day  variations  in  total 
HNO3  column  density  have  been  observed. 
Therefore,  more  data  are  required  to  verify  the 
conclusions  drawn  here.  The  estimated  error  in 
the  HNO3  amounts  presented  here  is  approxi- 
mately 25%. 

These  results  are  in  agreement  with  the 
conclusions  reached  by  Lazrus  and  Gandrud 
(1974)  on  the  basis  of  their  filter  measurements. 
Fontanella  et  al.  (1975)  have  deduced  a similar 
HNO3  total  column  density  from  solar  spectra  in 
the  1330  cm" 1 spectral  region  recorded  from 
aircraft  at  16  km  altitude.  Harries  et  al.  (1974) 


I 
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Figure  2.  Variation  of  HNOj  column  density  with 
latitude  from  the  April  Airstream  series. 

have  derived  similar  total  HNO3  amounts  from 
atmospheric  emission  spectra  recorded  from  air- 
craft. The  spectra  were  obtained  in  the  20  cm"1 
region  at  15  km  altitude.  However,  no  significant 
latitudinal  variations  were  observed  in  their 
study. 

The  latitudinal  and  seasonal  variations  pre- 
sented here  appear  to  show  trends  similar  to 
those  predicted  theoretically  by  Rao-Vupputuri 
(1975).  However,  more  data  are  needed  before  a 
detailed  comparison  between  experiment  and 
theory  can  be  made. 

FLUOROCARBONS 

Recent  interest  in  certain  fluorocarbons  and 
the  associated  photochemical  derivatives  which 
may  occur  in  the  stratosphere  prompted  us  to 
re-examine  earlier  balloon  flight  data  to  deter- 
mine what  information  could  be  obtained 
relevant  to  these  constituents.  According  to  the 
one-dimensional  photochemical  models  used  by 
Molina  and  Rowland  (1974),  Crutzen  (1974a), 
and  Cicerone  et  al.  (1974),  the  introduction  of 
fluorocarbons  into  the  stratosphere  in  large 
quantities  will  alter  the  ozone  chemistry,  and 
could  reduce  total  ozone  amounts.  Verification 
of  these  models  as  representative  of  the  atmo- 
spheric processes  requires  quantitative  measure- 
ments to  determine  first  whether  the  fluorocar- 
bons are  present  in  the  stratosphere  at  predicted 
concentrations,  and  second  whether  the  inter- 
mediate- and  end-product  constituents  are 
present. 
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Many  of  these  constituents  are  identifiable, 
both  qualitatively  and  quantitatively,  using 
infrared  spectral  techniques.  We  have  recently 
completed  laboratory  and  theoretical  studies  of  a- 
number  of  these  constituents,  and  have  identified 
spectral  regions  where  quantitative  information 
can  be  obtained  against  the  natural  spectral 
background  of  the  stratosphere  (Goldman  et  al., 
1974).  We  have  applied  these  results  to  selected 
balloon  flight  data  and  have  derived  a value  for 
the  mixing  ratio  of  CF2C12,  a probable  value  for 
CFCI3  and  an  upper  limit  for  HF. 

Identification  of  Fluorocarbons 

Both  CF2CI2  and  CFC13  exhibit  strong 
absorption  features  in  the  800-950  cm'1  spectral 
region  (see  Figure  3).  CF2C12  has  two  sharp 
spectral  features  at  921.9  ± 0.2  cm'1  and 
923.2  ± 0.2  cm'1  in  addition  to  the  broad-band 
absorption,  while  CFC13  has  only  a broad  band 
centered  at  847  cm'1  (at  the  instrumental  resolu- 
tion of  0.4  cm'1).  The  CF2C12  band  at  922  cm'1 
and  the  CFC13  band  at  847  cm'1  occur  in 
stratospheric  “windows”  between  minor  absorp- 
tions by  HNO3  and  weak  C02  bands.  Absolute 
gas  amounts  can  be  obtained  from  broad-band 
features,  but  positive  identification  of  weak 
absorbers  is  best  obtained  by  identifying  two  or 
more  spectral  features,  usually  sharp  lines  or  line 
groups. 
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Figure  3.  Laboratory  absorption  spectra  of  selected 
halogenated  hydrocarbons  in  the  780-950 
cm*1  region. 

We  have  re-examined  selected  balloon  flight 
measurements  of  spectral  absorptions  in  the 
800-950  cm'1  region.  On  one  such  flight  (August 


12,  1968,  over  Holloman  AFB,  New  Mexico)  this 
region  was  observed  during  sunset,  thus  en- 
hancing the  optical  path  for  minor  absorbers. 
These  observations  have  been  reported  earlier 
(Murcray  et  al.,  1969a);  they  consist  of  several 
consecutive  spectra  as  developed  during  sunset. 
The  final  spectral  scan,  at  a zenith  angle  of  93.5°, 
shows  spectral  features  which  we  are  attributing 
to  CF2C!2  and  possible  CFC13  (Figure  4).  Justifi- 
cation of  these  identifications  is  contained  in  the 
following  paragraph.  Since  this  identification 
derives  from  a single  spectral  scan  it  requires 
additional  confirmation;  however,  the  current 
need  for  stratospheric  measurements  of  the 
flurocarbons  has  caused  us  to  publish  these  data 
on  a “most  probable”  basis. 

The  primary  identification  of  CF2C12  in  the 
spectrum  of  Figure  4 is  based  on  coincidence  of 
the  position  of  a previously  unidentified  line 
(marked  with  an  arrow)  at  a measured  position 
of  923.2  ± 0.1 5 cm'1  and  the  923.2  cm'1  feature 
of  the  laboratory  spectrum  of  CF2C12.  This 
position  is  measured  from  the  adjacent  P-branch 
lines  of  the  10.4-pm  (i^-Vj)  C02  band.  The 
absorption  at  923.2  cm'1  is  too  strong  to  be  due 
to  the  P42  line  of  this  C02  band  at  923.0  cm'1 , 
although  this  line  must  be  considered  for  the 
quantitative  analysis  of  CF2C12.  There  are  two 
weak  atmospheric  H20  lines  at  922.2  cm'1  and 
925.1  cm'1,  but  comparisons  with  neighboring 
H20  lines  of  similar  magnitude  show  that  these 
do  not  have  measurable  absorptions  in  the 
spectrum  of  Figure  4,  so  we  do  not  attribute  the 
unidentified  line  to  either  of  the  water  lines. 
There  is  a second  blended  absorption  feature 
which  we  measured  at  921.6  cm'1 , and  attribute 
to  the  921.9  cm'1  feature  measured  in  the 
laboratory  for  CF2CI2.  In  addition,  the  ^2% 
broad-band  absorption  at  about  930  cm'1  is 
consistent  with  the  natun  of  the  CF2C12  labora- 
tory data,  and  examination  of  the  original 
voltage  traces  of  the  balloon  data  shows  that  the 
broad -band  feature  was  present  in  the  data,  and 
was  not  introduced  in  the  reduction  process. 

Once  convinced  of  the  CF2C12  absorptions 
at  923  and  930  cm1,  we  further  examined  the 
spectra  at  847  cm'1  for  CFCI3.  We  were  careful 
to  use  the  balloon  spectrum  as  it  was  originally 
reduced,  so  that  no  prejudice  towards  measuring 
fluorocarbons  could  have  been  introduced.  Since 
the  depression  around  847  cm'1  cannot  be 
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CFCIj  CFjCIj 


Figure  4.  Solar  spectrum  observed  at  a height  of  30.5  km  and  a zenith  angle  of  93.5°.  The  height 
of  the  tangent  path  is  18.4  km  and  the  optical  path  is  6.0  air  masses.  The  approximate 
height  of  the  tropopause  is  14  km.  The  volume  mixing  ratio  for  CF2C12  is  5 X 10'1 1 v/v, 
and  that  for  CFCIj  is  2 X 10" 1 1 v/v. 


attributed  to  the  wings  of  the  HN03  bands,  we 
have  considered  it  due  to  CFCI3. 

Mixing  Ratios  of  Fluorocarbons 

Absorption  coefficients  for  CF2C12  at  923.3 
and  930  cm'1  and  for  CFC13  at  847  cm'1  were 
measured  from  laboratory  spectra  similar  to 
those  shown  in  Figure  3.  A few  spectra  were 
measured  in  the  5%  absorption  range  to  ensure 
that  the  absorption  coefficients  were  derived 
from  spectral  absorptions  closely  matching  that 
of  the  balloon  data. 

Measurements  of  atmospheric  absorption 
were  then  made  at  the  same  three  frequencies 
from  the  balloon  flight  spectrum  in  Figure  4.  The 
absorption  at  923.2  cm'1  was  linearly  corrected 
for  the  (F3— (>])  C02  P42  line  and  the  wing  of 
the  HN03  band.  The  absorption  coefficients 
were  adjusted  to  an  appropriate  atmospheric 
temperature  and  used  in  conjunction  with  the 
atmospheric  absorption  measurements  to  calcu- 
late volume  mixing  ratios  for  CF2C12  and  CFC13. 
The  values  thus  derived  are  5 X 10'11  v/v  (at 
930  cm'1 ) and  6 X 10'1 1 v/v  (at  923.2  cm'1 ) for 
CF2C12  and  2 X 10'11  v/v  (at  847  cm'1)  for 
CFCI3.  These  values  are  derived  for  an  optical 
path  tangent  at  18.4  km  and  measured  from 
30.5  km.  The  altitude  of  the  tropopause  was 
approximately  14km. 

It  is  difficult  to  assess  the  accuracy  of  this 
measurement  due  to  the  small  absorptions  in- 
volved. The  largest  error  is  prohably  directly 
associated  with  the  measurement  of  absorption 


from  the  balloon  flight  data,  and  for  now  we 
place  ±50%  as  an  estimated  error. 

It  is  useful  to  compare  these  results  with 
Crutzen’s  model  for  the  end  of  1968  (Crutzen, 
1974b)  and  with  Cicerone’s  model  for  1972 
(Cicerone  et  al.,  1974).  Crutzen’s  values  are  5.6 
X 10'1 1 v/v  for  CF2C12  and  1.8  X 10'1 1 v/v  for 
CFCI3  at  an  altitude  of  21  km.  The  Cicerone 
model  for  1972  predicts  =9  X 1011  v/v  for 
CFxCly  at  21  km,  which  results  in  an  adjusted 
estimate  of  =»6  X 10'1 1 v/v  for  1968.  Most  of  the 
optical  path  for  the  balloon  measurement  occurs 
near  the  minimum  altitude  traversed;  thus,  the 
measured  mixing  ratio  nearly  represents  a layer 
a few  kilometers  thick  just  above  that  minimum 
altitude  (18.4  km). 

It  is  gratifying  that  all  the  mixing  ratios  are 
consistent  with  theory,  but  the  main  results  of 
the  measurement  are  that  there  were  fluoro- 
carbons present  in  the  stratosphere  in  1968,  and 
that  an  additional  measurement  is  required  both 
to  confirm  this  and  to  measure  the  change  since 
1968. 

HF  - AN  UPPER  LIMIT 

In  addition  to  measuring  the  fluorocarbons, 
we  have  attempted  to  place  an  upper  limit  on  the 
amount  of  HF  (a  possible  end  product  of  the 
fluorocarbon  photochemistry)  present  in  the 
stratosphere  by  comparing  the  detection  limit  of 
a previous  balloon  flight  with  calculated  atmo- 
spheric spectra  containing  trace  amounts  of  HF 
(Goldman  et  al.,  1974).  Two  lines  of  HF  can  be 
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measured  at  4001.2  cm'1  and  4039.1  cm'1  with 
minimal  atmospheric  interference.  On  a balloon 
flight  from  Chico,  California  on  September  30, 
1965  (Murcray  et  al.,  1966)  we  scanned  this 
spectral  region  but  did  not  take  data  into  the 
sunset.  No  absorption  (<1%)  was  measured  at 
either  frequency  at  altitudes  of  observation  from 
7 to  30  km.  From  these  data  we  have  set  an 
upper  limit  for  the  mixing  ratio  of  3 X 10'10  v/v 
throughout  the  lower  stratosphere  to  slightly 
above  30  km.  It  is  uncertain  at  this  time  what 
level  of  HF  concentration  is  expected  in  the 
stratosphere.  Sunset  observations  of  HF  would, 
however,  provide  at  least  a tenfold  improvement 
in  the  minimum  detection  limit. 
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ABSTRACT:  The  recording  of  infrared  solar  spectra  at  sunset  from  a balloon  gondola  at  38  km 
altitude  has  led  to  the  determination  of  the  vertical  distributions  of  stratospheric  NO  and  N02.  The 
measured  N02-to-NO  ratio  indicates  the  limited  validity  of  sunset  observations  of  these  two  species. 
This  determination  of  NOx  levels,  in  conjunction  with  other  data  available  on  HN03,  allows  a better 
definition  of  the  partitioning  of  the  odd-nitrogen  species  in  the  low  stratosphere. 


Research  on  the  stratosphere  has  remained 
rather  academic  until  recently.  In  1971,  it  was 
assumed  (Johnston,  1971)  that  the  projected 
increase  in  oxides  of  nitrogen  from  aircraft  flying 
in  the  stratosphere  could  reduce  the  ozone  shield 
by  about  a factor  of  2,  thus  permitting  the  harsh 
radiation  below  300  nanometers  to  permeate  the 
lower  atmosphere,  and  consequently  endangering 
life  at  the  earth’s  surface.  The  interest  of 
aeronautical  industries  and  of  governmental 
agencies  in  the  problem  has  changed  the  level  of 
activity  in  stratospheric  research.  The  emphasis 
of  this  research  has  become  measuring  and 
modeling  the  natural  stratosphere  for  the  predic- 
tion of  possible  modifications. 

Ozone  is  formed  from  atomic  oxygen  result- 
ing from  the  dissociation  of  molecular  oxygen  by 
solar  ultraviolet  radiation, 

02  + hr>  -*■  O + O (1) 

0 + 02 +M-O3 + M (2) 

An  ozone  reduction  would  result  from  in- 
creased scavenging  of  odd-oxygen  atoms  in  a 
catalytic  set  of  reactions  involving  increased 
nitric  oxide  and  nitrogen  dioxide,  as  follows: 

N02+0-N0  + 02  (3) 

NO  + 03  -*  N02  + 02  (4) 

It  is  currently  accepted  that  nitric  oxide  is 
formed  in  the  stratosphere  by  reaction  of  nitrous 
oxide  which  originates  from  biological  activity  at 


ground  level.  Since  odd-nitrogen  molecules 
apparently  do  not  build  up  continuously,  a 
removal  mechanism  by  nitric  acid  rain-out  has 
been  suggested. 

Three  years  of  experimental  work  have  only 
transformed  our  ignorance  of  the  real  natural 
abundance  of  NO,  N02,  and  HNO3  in  the 
stratosphere  into  a preliminary  knowledge.  It  is 
time,  however,  to  assess  the  available  results  and 
to  compare  th-'-n  with  theoretical  predictions. 

NITR’C  OXIDE 

Detection  of  nitric  oxide  in  the  stratosphere 
has  been  reported  by  various  authors  (Toth  et  al., 
1973;  Ridley  et  al.,  1973;  Girard  et  al.,  1973). 
Vertical  distributions  of  this  constituent  have 
been  derived  by  absorption  spectrometry  using 
the  sun  as  a source  (Ackerman  et  al.,  1973, 
1975)  and  by  chemiluminescence  with  03 
(Ridley  et  al.,  1974).  After  sunset,  reaction  (4) 
should  transform  nitric  oxide  into  nitrogen 
dioxide.  Nitric  oxide  has  been  observed  (Patel 
et  al.,  1974)  to  reappear  after  sunrise,  due  to  the 
photodissociation  process 

N02  + hi>  -*•  NO  + O (5) 

which  regenerates  atomic  oxygen,  making  it 
available  for  ozone  formation  by  reaction  (2). 
Chemiluminescence  has  also  been  used  on  board 
high-flying  aircraft  (Locwenstein  et  al.,  1974)  to 
measure  stratospheric  NO.  This  method  indicates 
large  variations  at  18  and  20  km  over  a period  of 
several  months  (Savage  et  al.,  1974). 
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The  concentration  of  nitric  oxide  has  also 
been  determined  in  the  mesosphere  and  in  the 
lower  thermosphere. 

Most  of  the  experimental  NO  concentration 
data  are  illustrated  in  Figure  1.  They  indicate 
higher  number  densities  in  the  stratosphere  than 
in  the  mesosphere,  suggesting  different  produc- 
tion regimes,  as  was  postulated  on  theoretical 
grounds  (Nicolet,  1971).  A steep  decrease  is 
observed  below  30  km,  and  possibly  an  increase 
in  the  vicinity  of  the  tropopause,  below  which  no 
observation  is  available.  The  abundance  of  NO  is, 
however,  known  (Ackerman  et  al.,  1974;  Ridley 
et  al.,  1974;  Savage  et  al.,  1974)  to  vary  with 


E 

JC 

LU 

o 


100 

90 

80 

70 

60 

50 

40 

30 


20  h 


TTT 


NO 


BARTH  (1964)  "| 

MEIRA  (1971) 

A HALE  (1972)  H 
TISONE0973) 

BBB  ACKERMAN  _| 
et  al  (1974) 


■D RIDLEY  et  al(1 974)  & 

- -►  FONTANELLA  et  al(1974) 
•-•FARMER  (1974) 

— ■ PATEL  et  al  (1974) 
-•♦LOEWENSTEIN 
et  aid 974) 

-o-o  SAVAGE  et  al 
(1974) 


10  10  10 
NUMBER  DENSITY  (cm*3) 


Figure  1.  Measured  nitric  oxide  number  densities 
versus  altitude  in  the  chemosphere.  In  the 
stratosphere,  Ackerman  et  al.  (1974)  have 
reported  two  very  different  vertical  pro- 
files, measured  on  May  14,  1973  (low)  and 
on  May  13,  1974  (high).  Patel  et  al. 
(1974)  have  observed  the  NO  variation  at 
sunrise  to  be  more  than  one  order  of 
magnitude.  The  variation  of  NO  in  the 
vicinity  of  20  km  altitude  over  a few  days, 
reported  by  Savage  et  al.  (1974),  is  also 
illustrated.  Constant  volume  mixing  ratios 
are  roughly  indicated  by  the  straight  lines 
marked  lO-8,  1 O'9  and  10'10. 


time  and  location.  Loewenstein  et  al.  (1975) 
have  simultaneously  measured  NO  and  03  at  two 
altitudes  over  a wide  latitude  range.  In  the 
troposphere  over  tropical  areas  (as  indicated  by 
low  ozone  number  densities)  they  observed  an 
NO  bulge  with  values  as  high  as  1.8  X 109  cm'3 
at  18.3  km.  At  21 .3  km,  it  can  be  seen  from  their 
03  abundances  that  the  data  were  gathered  in 
the  stratosphere  at  all  latitudes  (5°  to  75°  north), 
and  NO  values  were  generally  larger  there  except 
over  tropical  areas  where  the  bulge  was  reduced. 

The  nitric  oxide  observations  at  19  km  made 
by  Savage  et  al.  (1974)  from  November  1973  to 
June  1974,  from  75°  to  120°  west  and  from  33° 
to  49°  north,  indicate  a sudden  NO  increase  of  a 
factor  of  7,  leading  to  a high  value  of  1.4  X 109 
cm'3  persisting  until  the  end  of  May.  This  should 
probably  be  attributed  to  transport  by  motion  of 
air  masses,  since  the  difference  is  too  large  to  be 
accounted  for  by  ozone  fluctuations’  changing 
the  NO2/NO  ratio  by  reactions  (4)  and  (5).  It  is 
thus  not  astonishing  that  two  vertical  distribu- 
tions observed  (Ackerman  et  al.,  1974)  by  means 
of  the  same  instrumentation  under  the  same 
experimental  conditions,  but  separated  by  almost 
exactly  one  year,  exhibit  a difference  of  a factor 
of  2 to  10  at  24  km,  as  shown  by  Figure  1.  The 
meteorological  situations  shown  in  Figure  2 were 
very  different  at  the  two  dates  at  the  observation 
sites  (44°  north;  -1°  to  3°  west).  These  situations 
were  rather  typical  for  the  period  preceding  the 
experiments;  namely,  low  pressures  reached 
lower  latitudes  in  May  1974  than  in  May  1973.  It 
might  also  be  interesting  to  notice  that  soundings 
made  over  Arosa  showed  a very  different  be- 
havior of  the  ozone  layer  below  the  peak  during 
the  first  experiment  (May  14,  1973)  and  the 
second  experiment  (May  13,  1974),  as  shown  in 
Figure  3.  A well-marked  tropospheric  air- 
injection  process  into  the  stratosphere  was  taking 
place  from  10  to  18  km  in  the  second  case;  a 
well-marked  variability  also  existed  from  22  to 
28  km,  as  illustrated  in  Figure  3b. 

There  are,  however,  too  few  measurements 
of  nitric  oxide  at  present  for  us  to  attempt 
quantitative  evaluations  of  the  observed  varia- 
tions. However,  these  variations  are  real,  and 
their  interpretations  obviously  require  the  simul- 
taneous observation  of  several  parameters, 
including  minor  constituents  and  dynamic  pro- 
cesses, on  a synoptic  basis  of  reasonable  extent. 


figure  2.  Surface-pressure  maps  at  the  dates  of  the  NO  measurements 
reported  by  Ackerman  et  al.  (1974).  Low  pressures  were  extending 
more  towards  lower  latitudes  on  May  14,  1974  (f  igure  2a)  than  in 
the  case  of  May  13,  1973  (figure  2b).  These  situations  were  rather 
characteristic  of  the  two  periods. 
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Figure  3.  Ozone  partial  pressure  versus  altitude  over 
Switzerland  at  the  two  periods  of  NO 
observations  by  Ackerman  et  al.  (1974). 
In  1973  (a)  ozone  appears  to  vary  from 
day  to  day  at  random,  while  in  1974  (b)  a 
trend  is  observed  in  the  ozone  below 
18  km;  an  organized  decrease  occurs  from 
May  8 to  May  1 7. 

NITROGEN  DIOXIDE 

The  observations  of  nitrogen  dioxide 
number  densities  available  for  the  troposphere 
and  for  the  stratosphere  are  plotted  in  Figure  4. 
Chemical  analyses  (Moore,  1974;  Nash,  1974; 


Georgii  and  Jost,  1964)  of  air  samples  performed 
from  ground  level  up  to  6 km  altitude,  as  well  as 
remote  spectrometry  (Brewer  et  al,,  1973),  have 
been  used  in  the  troposphere  to  determine  N02. 
The  experimental  values  are  spread  over  almost 
two  orders  of  magnitude.  Measurements  of 
supposedly  unpolluted  ground-level  air  indicate 
values  that  differ  by  more  than  a factor  of  100. 
Georgii  and  Jost  (1964)  conclude  from  their 
measurements  made  on  board  aircraft  that  tropo- 
spheric N02  originates  partly  from  biological 
activity  in  soils.  The  latter  source  would  explain 
why  the  values  observed  in  summer  are  higher 
than  those  observed  in  winter.  The  enrichment  in 
N14  observed  (Moore,  1974)  for  tropospheric 
N02  could  be  due  to  the  biological  contribution. 
A significant  variability  of  tropospheric  N02 
seems  to  be  firmly  established,  as  well  as  the 
influence  of  human  activities.  Robinson  and 
Robbins  (1971)  propose  a latitudinal  variation  (4 
ppb  over  tropical  and  temperate  land  areas,  0.5 
ppb  over  polar  land  areas  and  oceans). 


Figure  4.  Number  densities  of  nitrogen  dioxide 
versus  altitude  measured  by  means  of 
ground-based  and  aircraft-  and  balloon- 
borne  instruments.  Constant  volume  mix- 
ing ratios  are  roughly  indicated  by  the 
straight  lines  marked  10"8,  10'9,  and 
lO"1®. 


The  abundance  of  N02  in  the  stratosphere 
is  known  from  infrared  remote  spectrometry 
(Ackerman  and  Muller,  1972,  1973;  Farmer, 
1974;  Ackerman  et  al.,  1974;  Fontanella  et  al., 
1974)  performed  from  balloon  gondolas  and 
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from  aircraft.  As  is  the  case  for  NO,  the  few 
determinations  are  also  at  mid-latitudes,  limiting 
the  possible  comparison  with  theoretical  models 
at  roughly  45°  north  which  could  be  representa- 
tive of  average  conditions. 

Several  models  have  yielded  NO  and  NO2 
vertical  distributions  for  average  conditions  and 
even  for  specific  latitudes  and  seasons.  Some  of 
the  results  are  illustrated  in  Figure  5.  Models  in 
which  various  sets  of  possible  vertical  distribu- 
tions are  proposed  can  hardly  be  compared  with 
experimental  results.  In  one  of  the  cases  repre- 
sented in  Figure  5 (Levy,  1973)  a tropospheric 
abundance  of  NO2  was  assumed  in  order  to 
deduce  other  parameters.  At  30  km  altitude  the 
modeling  data  are  consistent  with  each  other  and 
with  experimental  results.  The  situation  is  differ- 
ent at  lower  altitudes.  It  should  be  pointed  out 
that  the  various  models-  considered  give  N02 
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Figure  5.  Theoretically  evaluated  NOj  number  den- 
sities versus  altitude.  Only  models  yielding 
unique  distributions  have  been  used. 
Where  various  latitudes  have  been  con- 
sidered, only  the  numbers  for  45°  latitude 
are  shown.  Levy  (1973)  did  not  compute 
NOj  but  introduced  a distribution  to 
compute  other  parameters.  Constant 
volume  mixing  ratios  are  represented  by 
straight  lines  marked  10'8,  10'9,  and 
101®. 


values  at  30  km  that  agree  within  a factor  of  two, 
whereas  values  at  1 5 km  spread  over  a factor  of 
twenty.  Does  this  mean  a weak  coupling  between 
the  two  altitudes?  Particularly  in  the  tropopause 
region,  values  used  or  deduced  in  models  are 
spread  over  two  orders  of  magnitude,  even  where 
it  does  not  seem  to  have  been  the  authors’ 
intention  to  demonstrate  a variability.  Models 
can  produce  double  and  single  peaks  in  the 
vertical  distributions,  but  only  the  latter  situa- 
tion has  been  observed. 

Due  to  the  short  characteristic  time  (*»  100 
sec)  for  interconversion  of  NO  into  NO2  and 
of  NO2  into  NO  in  daylight  through  reactions 
(4),  (5),  and  (3),  the  last  one  being  negligible  in 
the  low  stratopshere,  the  balance  between 
these  two  oxides  of  nitrogen  can  better  be  re- 
presented by  their  sum,  currently  called  NOx. 
This  can  be  evaluated  from  experimental  NO2 
and  NO  data  available  from  ground  level  up  to 
36  km,  by 


NOx 


NO  (1  + R) 


where  R = 


k4  [O3] 
J5+k3  [O] 


R has  been  evaluated  by  several  authors,  and 
measured  once.  The  various  values  are  repre- 
sented versus  altitude  in  Figure  6.  From  the 
curve  given  by  Brasseur  and  Nicolet  (1973) 
(which  best  agrees  with  the  experimental  data  at 
the  altitudes  where  they  can  be  compared),  and 
from  the  NO2  and  NO  measurements  shown  in 
Figure  1 and  in  Figure  4,  a possible  envelope  of 
NOx  values  has  been  derived;  it  is  shown  in 
Figure  7.  It  will  be  discussed  later.  The  measured 
values  of  R are  strikingly  smaller  than  those 
deduced  in  models.  This  could  be  attributed  to 
an  underestimate  of  J5,  which  has  always  been 
computed  without  taking  Rayleigh  scattering 
into  account.  As  already  pointed  out  (Ackerman, 
1974),  diffuse  radiation  can  in  some  cases  con- 
tribute as  much  to  photodis-ociation  as  direct 
solar  radiation,  yet  only  the  latter  has  been 
considered  in  models  up  to  now. 
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NOj/NO  ratios  versus  altitude  computed 
in  various  models.  The  circles  represent 
measurements  taken  at  low  solar  elevation 
that  have  nonetheless  been  considered  by 
the  authors  to  represent  daytime  v-'ues. 
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Envelopes  including  the  available  data  on 
NOx  (NO  + N02)  and  on  HNOj.  Constant 
volume  mixing  ratios  are  roughly  repre- 
sented by  the  straight  lines  marked  10‘8, 
10‘9  and  10'10. 


NITRIC  ACID 


measured  in  the  stratosphere  of  the  three  that  are 
considered  here.  High-resolution  absorption 
spectroscopy  performed  from  ground  level 
(Vigroux,  1973)  has  indicated  (on  the  basis  of 
the  narrowness  of  the  observed  lines)  that  HN03 
is  more  in  the  upper  than  in  the  lower  layers  of 
the  atmosphere.  By  means  of  aircraft-borne 
emission  spectroscopy  (Harries,  1974),  a sharp 
increase  in  nitric  acid  has  been  observed  above 
the  tropopause.  The  same  method  used  at  shorter 
wavelengths,  on  board  balloon  gondolas 
(Murcray  et  al.,  1974),  has  yielded  vertical 
distributions  of  the  abundance  of  nitric  acid  in 
the  stratosphere  at  various  latitudes.  The 
chemical  analysis  of  in-situ-collected  samples 
(Lazrus  and  Gandrud,  1974)  has  also  demon- 
strated the  variability  of  nitric  acid  with  time  and 
latitude,  with  higher  values  towards  the  pole  than 
towards  the  equator.  The  concentrations 
obtained  by  this  method  tend  to  be  the  lowest, 
particularly  at  low  altitudes,  while  absorption 
spectroscopy  from  aircraft  (Fontanella  et  al., 
1974)  has  a tendency  to  give  higher  concentra- 
tions, and  so  do  some  interpretations  of  emission 
measurements  (Fried  and  Weinman,  1970). 

No  optical  measurement  seems  to  have  been 
reported  for  HNO3  in  tropospheric  air.  We  have 
used  spectra  taken  by  absorption  spectrometry 
during  balloon  ascents,  and  published  by 
Murcray  et  al.  (1969),  to  evaluate  one  tropo- 
spheric upper  limit  corresponding  to  a volume 
mixing  ratio  smaller  than  10"10.  The  result  is 
shown  in  Figure  8 with  envelopes  representing 
the  data  obtained  by  means  of  the  various 
methods  at  various  times  and  locations.  All 
results  are  included  in  the  broad  envelope 
illustrated  in  Figure  7. 

Examples  of  theoretically  deduced  vertical 
distributions  of  HNO3  are  shown  in  Figure  9. 
Values  given  for  altitudes  higher  than  15  km 
represent  the  experiments  rather  well,  while 
below  12  km  theory  appears  to  overestimate 
abundances  of  HN03. 

DISCUSSION 


Absorption  spectra  have  led  to  the  detection 
(Murcray  et  al.,  1969)  of  HNO3  in  the  strato- 
sphere, and  to  several  determinations  of  its 
profile.  A rather  large  number  of  measurements 
make  this  odd-nitrogen  molecule  the  most 


Nitric  acid  is  known,  like  any  very  polar 
molecule,  such  as  HC1,  to  have  an  extremely  low 
activity  in  dilute  aqueous  solutions.  On  the  other 
hand,  Warneck  (1974)  has  shown  that  the  time 
constant  for  collisions  of  trace  constituents  with 
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Figure  8.  Envelopes  representing  the  measured  nitric 
acid  number  densities  versus  altitude.  L-G 
corresponds  to  the  data  of  Lazrus  and 
Gandrud  (1974),  M to  those  of  Murcray  et 
al.  (1974),  G to  those  of  Fontanella  et  al. 
(1974),  W to  those  of  Fried  and  Weinman 
(1970)  and  H to  those  of  Harries  (1974). 
The  values  represented  by  the  circles  and 
by  the  upper  limit  marked  T have  been 
evaluated  by  the  present  author  on  the 
basis  of  the  atmospheric  experiments  of 
Murcray  et  aL  (1969)  and  of  the  labora- 
tory data  published  by  Fontanella  et  al. 
(1974).  Constant  volume  mixing  ratios  are 
roughly  illustrated  by  the  straight  lines 
marked  Iff8,  Iff9,  and  1C10. 

cloud  elements  is  less  than  five  seconds.  These 
considerations  would  explain  a low  concentra- 
tion of  HN03  in  the  tropospheric  gas  phase. 
They  have  not  been  taken  into  account  in  models 
where  rain-out  times  longer  than  a few  days  have 
been  introduced  to  represent  the  evacuation  of 
odd  nitrogen  from ‘the  stratosphere  to  the  tropo- 
sphere. They  might,  however,  improve  the  agree- 
ment between  theory  and  experiment  in  the 
region  of  the  tropopause  and  below.  This  would 
probably  need  adjustments  to  maintain  the  com- 
puted concentrations  of  N02  at  the  level  indi- 
cated by  the  observations,  requiring  other 
sources  of  odd  nitrogen  in  the  low  stratosphere. 

NOx  obviously  presents  an  important  vari- 
ability with  time  in  the  stratosphere.  Seasonal 


Figure  9.  Theoretically  evaluated  HNO3  number 
densities  versus  altitude.  Only  models 
yielding  unique  distributions  have  been 
used.  Where  various  latitudes  were  con- 
sidered, only  the  numbers  for  45°  are 
shown. 

variations  have  been  considered  in  models,  as 
well  as  the  possibility  (Ruderman  and 
Chamberlain,  1975)  of  the  interpretation  of  the 
apparent  correlation  of  ozone  variation  with  the 
eleven-year  cycle  of  solar  activity  in  terms  of  the 
effect  of  nitrogen-oxides  modulation  by  cosmic 
rays.  Even  if  doubts  have  been  cast  on  the 
significance  of  such  correlations  (London  and 
Oltmans,  1973),  such  investigations  are  very 
interesting.  There  is,  however,  no  conclusive 
demonstration  of  the  direct  role  of  oxides  of 
nitrogen  as  an  intermediate  in  these  phenomena 
that  would  allow  firm  assessments  (Johnston, 
1974)  to  be  made  of  the  possible  effects  of 
stratospheric  aircraft  on  ozone.  Large  variations 
of  NO  have  been  observed,  as  described  in  a 
previous  section.  The  NO  abundances  observed 
by  Ackerman  et  al.  in  May  1973  and  in  May 
1974  differ  markedly.  Total  ozone  data  for  the 
two  months  are  shown  in  Figure  10.  In  May 
1973,  total  ozone  appears  to  vary  from  day  to 
day  randomly  around  mean  values  which  are 
larger  at  high  latitudes.  The  latitudinal  variation 
is  also  present  in  May  1974,  but  a pronounced 
decrease  of  10  to  20%  appears  over  one  week. 
The  observations  indicate  the  occurrence  of  a 
well-organized  modification  of  large  geographic 
extent,  from  at  least  51°  north  to  39°  north, 
including  the  area  of  high  NO  observations.  The 
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Figure  10.  Total  ozone  versus  time  measured  over 
various  European  stations  in  May  1973 
and  in  May  1974.  In  this  latter  case,  the 
beginning  of  the  summer  minimum  occurs 
while  May  1973  is  still  in  the  spring 
maximum. 

decrease  in  total  ozone  is  suggested  to  be  due  to 
the  replacement  of  ozone-rich  air  below  20  km 
by  ozone-poor  air.  This  suggestion  stems  from 
the  vertical  profiles  observed  over  Switzerland 
which  were  shown  in  Figure  3.  The  umkehr 
observations  made  over  Lisbon  show  the  same 
trend,  which  is  not  unusual  near  the  end  of  the 
ozone  spring  maximum  at  this  station  (Figueira, 
1973)  — namely,  during  the  total-ozone 

minimum  in  the  month  of  May  1974,  levels  2 
and  3(12  and  16.5  km)  exhibit  minimum  values, 
while  maximum  values  for  the  whole  month  are 
observed  at  levels  5,  6,  and  7 coi responding 
respectively  to  25,30,  and  35  km. 

The  ozone  reduction  below  20  km,  which  is 
responsible  for  the  reduction  in  total  ozone, 
cannot  be  attributed  to  NOx  chemistry,  since  the 
currently  accepted  atomic-oxygen  content  at 
these  altitudes  implies  a characteristic  reaction 
time  longer  than  a year.  It  should  also  be 
remarked  that  this  ozone  decrease  in  the  lower 
stratosphere  occurred  concurrently  with  an 
increase  in  the  middle  stratosphere.  All  these 
observations  suggest  that  the  variability  with 
time  of  total  ozone,  that  could  be  related  in  this 
case  with  NOx  on  the  basis  of  chemical  inter- 
actions in  a simple  correlation,  was  actually 
entirely  under  the  control  of  transport  processes. 

Determinations  of  tropospheric  N02  indi- 
cate a wide  range  of  NOx  values,  tentatively 
illustrated  in  Figure  7.  Low  values  are  usually 
thought  to  be  characteristic  of  unpolluted  air  and 
are  much  smaller  than  those  used  in  models 
(Levy,  1973;  Chameides  and  Walker,  1974).  The 


reduction  of  NOx  in  these  models  would  reduce 
the  production  of  HN03  that  has  been  con- 
sidered by  Warneck  (1974)  as  being  too  high  in 
comparison  with  the  observed  global  precipita- 
tion of  nitric  acid  in  rain.  On  the  other  hand, 
high  values  of  NOx  concentrations,  suggested  by 
the  observations  of  Georgii  and  Jost  (1964),  who 
have  indicated  a seasonal  variation  (summer 
values  higher  than  winter  ones)  that  could  hardly 
be  explained  on  the  basis  of  human  activities, 
could  have  consequences  for  the  stratosphere. 
They  could  lead  to  injections  of  tropospheric 
NOx  into  the  stratosphere  when  its  mixing  ratio 
at  the  stratospheric  heights  is  smaller  than  that  in 
the  troposphere.  This  could  be  supported  by  the 
isotopic  composition  of  HNO3  observed  between 
21  and  27  km  (Moore,  1974),  which  shows  about 
the  same  N14/N15  ratio  as  for  standard  N2.  If 
stratospheric  HN03  is  all  derived  from  N20 
having  a marked  NIS  enrichment,  this  should 
also  appear  in  nitric  acid  as  a product  of  NOx, 
provided  that  the  reactions 

N20  + O^D)  -+  N2  + 02  (6) 

and 

N20  + 0(>D)--N0  + N0  (7) 

have  no  differential  isotopic  effects.  This  is  a 
reasonable  assumption  that  should,  of  course, 
be  checked  experimentally  to  allow  a firm 
interpretation  of  the  stratospheric  isotopic 
measurements. 

Considering  the  replacement  time  (Daniel- 
sen,  1968)  of  stratospheric  air  by  tropospheric 
air  and  the  high  HNO3  amounts  derived  by 
absorption  spectrometry  (Fontanella  et  al„ 
1974),  a downward  flux  of  nitric  acid  larger  than 
5 X 108  cm"2  sec'1  should  be  accepted.  Such  a 
flux  would  imply  another  source  of  odd  strato- 
spheric nitrogen  besides  reaction  (7),  whose 
odd-nitrogen  production  has  been  estimated  as 
(0.29-1 .5)  X 108,  (0.25-0.65)  X 108.  (0.5-1 .3)  X 
1 08 , and  (0.8-1. 0)  X 108  cm'2  sec"1  by  Crutzen 
(1974),  Wofsy  and  McElroy  (1974),  Brasseur  and 
Nicolet  (1973),  and  Isaksen  (1973),  respectively. 

On  the  other  hand,  the  low  HNO3  values  of 
Figure  7 would  imply,  given  the  same  inter- 
change time  between  tropospheric  and  strato- 
spheric air,  a flux  equal  to  .8  X 108  cm'2  sec'1 . 
The  average  value,  (2.9  ± 2.1)  X 108  cm'2  sec'1 , 
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shows  clearly  that  the  actual  uncertainty  in  the 
HNOj  measurements  is  unsatisfactory.  If  it  were 
admitted  that  HN03  abundances  derived  from 
in-situ  sampling  were  systematically  too  low,  and 
if,  on  the  basis  of  such  an  argument,  they  were 
rejected,  an  average  flux  value  of  (3  ± 2)X  108 
cm'2  sec'1  would  be  derived,  which  would 
exclude  several  of  the  theoretical  values.  An 
additional  source  of  stratospheric  odd  nitrogen 
would  have  to  be  introduced,  particularly  if  the 
absolute  quantum  yield  for  the  formation  of 
CX1  D)  in  03  photolysis,  the  value  of  which  has 
always  been  assumed  (Welge,  1974),  is  in  fact 
smaller  than  currently  accepted. 

CONCLUSION 


concerned,  some  models  now  predict  that  it 
could  be  1%  for  a similar  fleet  of  stratospheric 
aircraft.  Present  models  can,  however,  scarcely 
describe  the  variations  of  the  natural  stratosphere. 
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ABSTRACT:  HC1  has  been  observed  in  the  stratosphere  by  airborne  spectroscopic  measurements  of 
the  1-0  band  at  3 pm  wavelength.  The  results,  which  are  specific  to  the  HC1  molecule  in  the  gas  phase, 
show  a rapid  increase  with  altitude  in  the  lower  stratosphere.  The  stratospheric  layer,  which 
commences  at  about  15  km,  reaches  its  maximum  concentration  at  an  altitude  above  21  km  (the 
limiting  height  of  the  observations  to  date).  The  local  value  for  the  volume  mixing  ratio  at  2 1 km  is 
7 ± 1 X 10'10.  However,  the  zenith  column  abundance  observed  above  21  km  (6.3  X 1014  molecules 
cm'2)  implies  that  the  mixing  ratios  at  greater  altitude  are  unlikely  to  reach  values  much  in  excess  of 
the  local  value  at  21  km. 


INTRODUCTION 

We  have  detected  HC1  in  the  stratosphere 
through  spectroscopic  observations  of  the  1-0 
fundamental  band  in  the  2700  to  3000  cm'1 
region  of  the  telluric  solar  spectrum.  The  spectra 
covering  this  region  were  obtained  during  the 
course  of  the  CIAP  studies  from  an  Air  Force 
NC-135  (at  11  to  12  km),  from  both  the  British 
and  French  Concorde  SST  prototypes  (at 
15.5  km),  and,  more  recently,  from  the  NASA 
U2  (at  21  km)  in  connection  with  stratospheric 
background  studies  performed  for  the  NASA 
Office  of  Aeronautics  and  Space  Technology. 
The  reduction  of  the  spectra  has  required  a 
complete  reanalysis  of  the  telluric  solar  spectrum 
over  the  3-  to  4-pm  wavelength  range  in  order  to 
confirm  that  the  suspected  HC1  features  were  not 
in  fact  weak,  previously  unassigned,  transitions 
due  to  the  known  infrared-active  constituents  of 
the  atmosphere,  and  to  permit  the  quantitative 
treatment  of  those  HC1  features  which  are 
spectrally  blended  with  lines  of  these  other  gases. 
The  combined  results  of  the  observations  made 
to  date  have  provided  spectra  from  which  the 
detailed  profile  in  the  stratosphere  up  to  21  km 
has  been  derived,  together  with  the  column 
abundance  above  this  altitude.  The  present  paper 
summarizes  the  results  of  the  stratospheric  obser- 
vations and  presents  the  initial  determination  of 
the  vertical  distribution  of  HCI. 


OBSERVATIONS  AND  SPECTRAL  ANALYSIS 

The  observations  reported  here  were  made 
with  a high-speed  stepped  Michelson  inter- 
ferometer having  unapodized  spectral  resolution 
of  0.13  cm'1 ; for  the  present  measurements,  the 
spectral  range  covered  was  from  1750  to 
3050  cm"1.  The  instrumentation  for  the  U2 
observations  was  essentially  the  same  as  that 
described  for  the  earlier  NCI 35  and  Concorde 
flights  (Farmer  et  al.,  1973).  For  the  more  recent 
observations,  however,  the  spectral  signal-to- 
noise  ratio  was  significantly  improved  by  internal 
modulation  of  the  infrared  radiation,  which 
reduced  the  effects  of  turbulence,  and  also  by 
improvements  to  the  solar  tracking  system.  The 
noise  in  the  spectra  obtained  from  the  U2  mea- 
surements was  typically  2 X I0"3  of  the  signal 
at  100%  transmission. 

The  1-0  band  of  HCI  consists  of  regularly 
spaced  pairs  of  lines  covering  the  frequency  range 
from  approximately  2700  to  3000  cm'1  (3  to 
3.5  pm  region).  Each  pair  of  lines  corresponds  to 
a transition  of  the  35  Cl  and  37  Cl  isotopes  of  HCI. 
The  stronger  members  of  the  band  thus  span  a 
region  of  the  atmospheric  spectrum  which  is 
characterized  by  absorptions  of  several  other 
naturally  occurring  gases  (CH4,  H20.  N20,  C02 
and  O})  but  is  dominated  by  CH4  and  the 
isotopic  variants  of  water  vapor.  It  is  clear  from 
examination  of  the  atmospheric  spectrum  over 
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this  region  that  several  of  the  HQ  lines  are 
completely  masked  by  the  strong  absorptions  of 
the  more  abundant  atmospheric  constituents;  of 
the  remaining  candidate  HC1  lines  which  can  be 
used  for  detection  and  measurement,  most  are 
blended  to  some  degree  with  weak  absorptions  of 
the  other  gases.  For  the  stratospheric  spectra, 
Rl,  R2,  R3,  P5,  and  P6  of  H35C1  and  Rl,  R2, 
and  R3  of  H37C1  are  the  most  useful  for  analysis. 
In  both  tropospheric  and  stratospheric  cases  the 
Rl  line  of  the  main  isotope  is  completely  free  of 
interference  from  any  known  atmospheric 
species  within  a distance  of  several  resolution 
elements,  although  the  pressure-broadened  wing 
of  the  strong  P9  manifold  of  Fj  CH4  overlaps  the 
Rl  line  for  tropospheric  conditions. 

As  stated  previously,  for  the  correct  identifi- 
cation of  HQ  and  the  subsequent  quantitative 
analysis  of  the  spectra  it  is  necessary  to  ensure 
that  the  observed  features  are  not  due  to  weak 
transitions  of  the  known  atmospheric  trace  gases. 
To  this  end,  use  was  made  of  the  AFCRL  line 
listing  (McClatchey  et  al.,  1973)  together  with 
the  results  of  extensive  laboratory  measurements 
(Toth  et  al.,  1975;  Brown  et  al.,  1976)  which 
were  made  to  supplement  the  published  data 
where  these  were  incomplete  or  incorrect.  The 
laboratory  measurements  included  samples  which 
exceeded  the  maximum  column  abundances  of 
the  gases  in  the  atmospheric  observations,  in 
order  that  all  transitions  which  might  contribute 
significantly  to  the  observed  atmospheric  spectra 
could  be  included  in  the  analysis.  Using  the 
revised  spectral-line  listing  of  transition  fre- 
quencies and  intensities  obtained  in  this  way,  the 
observed  spectra  were  analyzed  by  a process  of 
numerical  fitting.  A synthetic  spectrum  was 
generated  for  the  appropriate  conditions  of  the 
optical-path  geometry  for  each  of  the  observa- 
tions and  compared  with  the  observed  spectrum. 
HC1  was  then  added  to  the  synthetic  spectrum 
until  it  matched  the  observed  absorptions.  The 
transition  strengths  used  for  HQ  were  taken 
from  the  values  given  by  Toth  et  al.  (1970).  An 
example  of  a set  of  synthetic  spectra  generated 
by  this  technique,  discussed  in  greater  detail 
below,  is  shown  in  Figure  1 . Further  evidence  of 
the  correct  identification  of  the  HQ  features  is 
the  fact  that  all  of  the  absorptions  attributed  to 
HQ  in  any  one  observed  spectrum  are  repro- 
duced with  the  correct  relative  strengths  for  the 


unique  HQ  abundance  determined  for  that 
observation. 


Figure  1.  Synthetic  stratospheric  spectra  computed 
for  the  region  of  the  HCI  Rl  lines.  The 
zero  and  100%  transmission  levels  for  the 
individual  spectra  have  been  offset  for 
clarity.  The  observational  conditions  are 
chosen  to  match  the  geometry  of  the 
measured  spectra  shown  in  Figure  2 with 
the  derived  HCI  profile  of  Figure  3 (see 
text). 

RESULTS 

Measurements  of  stratospheric  halogens  of 
low  molecular  weight  have  been  made  by  Lazrus 
et  al.  (1975),  using  an  in-situ  sampling  technique. 
Apart  from  these,  no  other  experimental  data  are 
available  which  contain  information  pertaining  to 
the  stratospheric  abundance  of  HQ.  From  the 
combined  results  of  the  NCI 35,  Concorde,  and 
U2  flights,  the  presence  of  HCI  in  the  strato- 
sphere can  be  firmly  established  and  a pre- 
liminary vertical  mixing  profile  determined. 
Figure  2 is  a reproduction  of  portions  of  a set  of 
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stratospheric  spectra  covering  the  R1  and  R2 
lines;  for  purposes  of  clarity,  the  spectra  have 
been  ordered  in  increasing  air  mass.  For  com- 
parison, the  synthetic  spectra  in  Figure  1 were 
generated  for  the  same  observational  conditions. 
The  result  of  the  analysis  of  the  stratospheric 
spectra  shows  the  HC1  is  present  in  a layer  having 
its  lower  bound  at  an  altitude  of  about  14  km, 
with  the  mixing  ratio  increasing  up  to  the 
maximum  altitude  of  the  observations,  the  upper 
bound  of  the  layer  being  at  some  higher  altitude. 


2925  2945 

WAVENUMBER  (cm'1) 


Figure  2.  Stratospheric  spectra  obtained  from  the 
U2  observations,  at  the  indicated  solar 
zenith  angles,  showing  the  HC1  R1  and  R2 
lines. 

The  detailed  reduction  of  the  spectra  yields 
the  profile  shown  in  the  upper  part  of  Figure  3. 
This  figure  also  includes  the  tropospheric  profile 
determined  earlier  by  the  authors  (Farmer  et  al., 
1975)  based  on  spectroscopic  observations  and 
the  in-situ  values  obtained  by  Junge  (1957).  The 
stratospheric  values  reported  by  Lazrus  vary 
from  less  than  0.04  ppbv  at  13.7  km  to  0.4  ppbv 
in  the  region  from  20  to  27  km.  Although  these 
results  are  somewhat  lower  than  those  obtained 
from  the  spectroscopic  observations,  it  should  be 
pointed  out  that  the  two  techniques  are  con- 


siderably different  from  each  other;  in  particular, 
one  samples  a single  point  at  a given  altitude 
while  the  other  samples  over  an  extended  hori- 
zontal region.  With  this  in  mind,  the  two  sets  of 
results  can  be  said  to  be  in  agreement,  but  only  if 
HC1  is  the  predominant  species  in  the  samples 
analyzed  by  Lazrus. 


Figure  3.  Vertical  distribution  of  HC1  in  the  atmo- 
sphere. The  lower  dashed  lines  represent 
the  tropospheric  variation  with  height  for 
the  two  limiting  values  of  the  HC1  scale 
height  deduced  from  Junge’s  in-situ 
measurements  (diamonds)  and  the  total 
column  abundance  obtained  from  the  pre- 
vious tropospheric  observations.  The 
detailed  profile  derived  from  the  strato- 
spheric observations  is  shown  by  the  solid 
line  extending  up  to  21  km;  the  distribu- 
tion is  shown  as  uniformly  mixed  at  a 
concentration  consistent  with  the  ob- 
served column  abundance  above  this 
altitude.  The  true  profile  reaches  a maxi- 
mum at  some  point  above  the  maximum 
observation  height. 

CONCLUSIONS 


The  relatively  small  scale  height  for  HC1  in 
the  troposphere  derived  from  the  earlier  results 
implies  that  tropospheric  HCI  is  insignificant  as  a 
source  for  HCI  in  the  stratosphere.  Thus,  apart 
from  the  possibility  of  the  direct  injection  of 
chlorine  into  the  stratosphere  following  volcanic 
eruptions,  it  might  be  expected  that  chlorine 
species  would  not  be  found  as  natural  trace 
constituents  of  the  stratosphere.  Indeed,  the 
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current  concern  over  the  potential  depletion  of 
the  stratospheric  ozone  layer  by  the  continued 
release  into  the  atmosphere  of  large  quantities  of 
fluorochloromethanes  (“Freons”),  a stable 
molecular  form  which  can  act  as  the  carrier  to 
transport  halogen  atoms  to  the  stratosphere 
(Molina  and  Rowland,  1974),  implies  the  assump- 
tion that  the  catalytic  destruction  of  ozone  by 
chlorine  from  natural  sources  is  not  a significant 
factor  in  the  dynamic  equilibrium  of  the  unper- 
turbed ozone  layer  (Cicerone  et  al.,  1975). 

The  extent  to  which  volcanic  eruptions  are  a 
source  of  gaseous  chlorine  in  the  atmosphere  has 
been  pursued  with  renewed  vigor  in  recent  years, 
with  particular  emphasis  on  the  direct  injection 
into  the  stratosphere.  Most  of  the  computations 
to  date  have  suggested  that  the  contribution 
from  this  source  results  in  stratospheric  HC1 
abundances  an  order  of  magnitude  less  than  are 
measured  here  (Cadle,  1975),  but,  in  a recent 
paper  Ryan  and  Mukherjee  (1975)  estimate 
amounts  comparable  to  those  reported  here.  As 
the  latter  authors  point  out,  however,  the  princi- 
pal difference  between  their  result  and  those 
published  earlier  lies  in  the  value  derived  for  the 
fraction  of  the  total  gaseous  chlorine  released 
during  an  eruption  which  is  directly  injected  into 
the  stratosphere.  While  the  earlier  estimates  of 
3-5%  for  this  value  may  be  too  low,  Ryan  and 
Mukherjee’s  value  of  55%  is  almost  certainly  too 
high.  In  any  event,  as  most  workers  attempting 
these  calculations  point  out,  the  limited  sources 
of  reliable  data  which  are  available  render  the 
results  valuable  only  as  order-of-magnitude 
estimates. 

With  the  data  presently  available,  it  is  not 
possible  to  resolve  the  question  of  whether  the 
stratospheric  source  for  the  HC1  observed  here  is 
direct  injection  of  gaseous  chlorine  by  volcanoes 
or  the  introduction  of  chlorine-containing 
compounds  which  are  anthropogenic  in  origin. 
In  either  case,  however,  the  only  explanation  for 
a profile  of  this  type  is  that  the  HC1  observed  at 
20  km  is  formed  at  or  above  this  level,  probably 
from  photodissociation  of  other  chlorine- 
containing  species.  The  profile  reproduced  here 
for  the  lower  side  of  the  stratospheric  HC1  layer, 
together  with  the  limiting  values  obtained 
earlier  for  the  tropospheric  distribution,  should 
be  sufficient  to  test  current  models  in  these 
regions.  It  is  of  crucial  importance  now  to  extend 
this  profile  upwards  as  far  as  possible  in  order  to 


determine  the  altitude  of  the  maximum  in  the 
HC1  distribution  and  the  shape  of  the  profile 
above  this  altitude. 
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ABSTRACT:  Nitrogen  dioxide  measurements  made  by  a balloon-borne  spectrophotometer  operating 
at  an  altitude  of  35  km  have  been  found  to  corroborate  the  conclusions  concerning  stratospheric  N02 
which  we  have  published  in  previous  reports.  The  comparison  of  the  balloon  observations  with  those 
obtained  by  means  of  a ground-based  instrument  at  the  launch  site  provides  continuing  support  for  the 
accuracy  of  the  N02  data  we  have  published,  including  the  noontime  maximum. 


Measurements  of  the  concentration  of  atmo- 
spheric nitrogen  dioxide  and  its  vertical  distribu- 
tion, by  ground-based  differential  spectro- 
photometry, have  already  been  reported  (Brewer 
et  al.  ,1973,  1974a-c;  Johnston,  1974).  The 
theory  of  the  technique  is  discussed  at  some 
length  in  these  references,  and  is  similar  in 
principle  to  the  “umkehr”  method,  which  has 
been  used  for  many  years  to  measure  the  vertical 
distribution  of  atmospheric  ozone  (Dobson, 
1957;  Mateer  and  Diitsch,  1964). 

The  measurements  obtained  give  vertical 
distributions  at  sunrise  and  sunset  only,  but  have 
indicated  the  existence  of  a strong  midday 
maximum  of  the  total  stratospheric  nitrogen 
dioxide. 

As  has  been  discussed  in  the  Brewer  et  al. 
and  Johnston  references,  when  the  sun  is  relative- 
ly high  in  the  sky  the  total  atmospheric  nitrogen 
dioxide  in  the  optical  path  is  given  by  the 
difference  between  the  instrument  readings  and 
the  value  of  the  instrument  absorption  function* 
which  would  be  observed  if  there  were  no  N02 
between  the  observation  point  and  the  sun.  This 
is  the  F0  of  the  instrument.  The  value  of  F0  is 
derived  by  determining  the  vertical  distribution 
which,  in  a single-scattering  model,  fits  the 
observed  morning  and  evening  observations.  The 


*The  instrument  function  is  computed  as  follows: 

F = l°8|o(I|/Ij)  - 1 .46  log jq1I2/I 3) 

For  full  information  see  Brewer  et  al.  (1973,  1974a.  b). 


observations  of  both  direct  sun  and  zenith  sky 
are  plotted  as  functions  of  zenith  angle  for  angle 
greater  than  »=80°,  and  different  vertical  N02 
distributions  are  tried  until  a satisfactory  fit  is 
obtained.  The  value  of  the  instrument  F0  is  also 
determined  by  this  “fit.”  The  accuracy  of  the 
value  of  Fq  depends  on  the  reliability  of  the 
deduced  sunrise  and  sunset  distributions  of  N02, 
and  consequently  so  does  the  midday  amount  of 
N02  (Brewer  et  al.,  1974c;  Johnston,  1974). 

To  assess  the  reliability  of  previous  conclu- 
sions, measurements  made  by  a ground-based 
spectrophotometer  and  a similar  balloon-borne 
instrument  have  been  compared. 

It  should  be  noted  that  most  of  the  N02  is 
assumed  to  lie  below  an  observation  point  at 
35  km,  and  hence  the  deduced  distribution  of 
most  of  the  nitrogen  dioxide  will  be  independent 
ofF0. 

OBSERVATIONAL  PROGRAM 

The  balloon  flight  was  made  from  Churchill, 
Manitoba  (59°N  X 94°W)  in  July  of  1974.  Also, 
during  the  period  July  7 to  July  23,  a series  of 
observations  was  made  from  the  ground  at 
Churchill.  The  average  of  the  sunrise  and  the 
sunset  curves,  observed  from  the  ground,  are 
presented  as  Figures  1 and  2 respectively.  In 
these  diagrams  the  curved  lines  have  been  calcu- 
lated with  a “single  scattering”  model  from  the 
N02  distributions  given  in  Figure  4.  (Figure  5 
gives  daytime  data.) 
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SOLAR  ZENITH  ANGLE 

Figure  1.  Mean  sunrise  observations  of  the  variation 
of  our  absorption  function  F.  Clear-sky 
ground  observations  from  Churchill.  O, 
observed  direct  sun;  X,  observed  zenith 
sky  ; — , calculated  direct  sun,  — , calcu- 
lated zenith  sky.  The  “error  bars”  repre- 
sent day-to-day  changes  in  the  N02  pro- 
file, except  for  large  zenith  angles  (*95°) 
where  Poisson  noise  dominates. 

The  “error  bars”  indicated  on  Figures  1,  2, 
and  5 represent  the  extremes  of  variations  in  the 
observations  taken  on  different  days.  Except  for 
zenith  angles  greater  than  **95°,  differences  in 
the  curves  due  to  statistical  noise  are  smaller  than 
the  day-to-day  fluctuations  in  the  N02  distribu- 
tions. 

The  actual  data  received  from  the  balloon 
spectrophotometer  is  depicted  in  Figure  3.  It  has 
been  corrected  for  the  electronic  and  photo- 
multiplier dead  time,  but  is  otherwise  unfiltered. 
The  error  bars  represent  the  effects  of  Poisson 
noise  on  the  individual  intensities  measured. 

RESULTS 

Figure  4 compares  the  average  vertical  distri- 
bution determined  from  the  balloon  data  with 
that  deduced  by  the  curve-fitting  method  from 
the  ground  observations.*  The  total  N02 


SOLAR  ZENITH  ANGLE 

Figure  2.  Mean  sunset  observations  at  Churchill. 

Clear  sky.  O,  observed  direct  sun;  X, 
observed  zenith  sky  ; — , calculated  direct 
sun;  — , calculated  zenith  sky.  Calculated 
F0  for  Figures  1 and  2 equals  -.032. 

amounts  are  about  0.5  X 10'3  cm  stp.  Figure  5 
plots  the  variations  of  the  total  N02  overhead 
throughout  the  day,  derived  from  the  ground 
observations  taken  at  Churchill. 

The  deduced  concentrations  above  40  km 
are  very  uncertain.  These  results  suggest  that  for 
the  given  place  and  time  the  crossover  of  the 
morning  and  evening  curves  is  real  - that  is  to 
say,  above  about  40  km  the  morning  N02 
concentrations  are  greater.  The  earlier  published 
measurements  of  Brewer  et  al.  did  not  show  this, 
but  they  were  derived  from  fewer  data  and  re- 
ferred to  Southern  Ontario. 

The  concentrations  shown  for  the  balloon 
measurement  are  totally  independent  of  the 


*The  volume  mixing-ratio  curves  presented  in  certain 
papers  of  Brewer  et  al.  (1973,  1974a,  b)  are  in  error. 
The  concentration  curves,  which  are  correct,  were  not 
properly  converted  to  mixing  ratio.  We  apologize  for 
any  inconvenience  this  may  have  caused,  and  thank  Dr. 
D.M.  Hunten  for  bringing  this  error  to  our  attention. 
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Figure  3.  Balloon  observation  of  direct  sunlight  at  sunset  from  an  altitude  of  35  km  over 


Churchill,  July  22,  1974,  The  error  bars  represent  the  expected  error  due  to  Poisson 
statistics. 


CONCENTRATION  MOLECULES  Ten'* 

Figure  4.  Comparison  of  distributions  calculated 
from  Figures  I,  2,  and  3.  — , balloon 
sunset  observations,  July  22,  1974;  — , 

ground  average  sunrise  observations, , 

ground  average  sunset  observations. 


“umkehr”  technique,  and  thus  confirm  the  re- 
sults obtained  with  the  latter.  They  apply  to  July 
22, 1974  only. 

CONCLUSIONS 

Spectrophotometric  remote  sensing  gives, 
with  reasonable  accuracy,  the  amount  and  ver- 
tical distribution  of  the  N02  at  sunrise  or  sunset. 

The  comparison  between  balloon  and 
ground-based  observations  confirms  the  earlier 
estimates  of  F0,  and  therefore  the  existence  of 
the  midday  maximum  in  the  total  stratospheric 
nitrogen  dioxide. 

More  complete  analysis  of  the  data  pre- 
sented here,  particularly  in  its  relation  to  earlier 
observations,  will  be  presented  elsewhere. 
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Figure  5.  Average  observed  values  of  F and  calcu- 
lated columnar  amount  of  N02  overhead 
at  Churchill  for  July  7-23,  1974,  through- 
out the  day,  derived  from  the  mean 
ground  observations,  p = sec  J arcsin 
[(R/R+h)sin  xll,  R = earth’s  radius,  h = 
20  km,  x = solar  zenith  angle.  For  com- 
parison, the  total  NOj  amount  overhead 
in  Southern  Ontario  at  noon  August  3, 
1973  was  3.5  X 10‘3  cm  (Brewer  et  al., 
1973). 
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ABSTRACT:  Measurements  of  ground-state  atomic  oxygen  0(3P)  between  25  and  43  km,  and  of 
ground-state  hydroxyl  OH(X2rr)  between  40  and  70  km,  in  the  earth’s  atmosphere  are  presented.  At  a 
solar  zenith  angle  of  51°,  atomic  oxygen  is  found  to  decrease  from  2 X 109  cm'3  at  43  km  to  2 X 107 
cm'3  at  25  km,  with  statistically-significant  local  structure  evident  in  the  profile  below  35  km. 
Hydroxyl  is  found  to  increase  from  4 X 106  cm'3  at  70  km  to  1 X 107  cm'3  at  45  km  at  a solar  zenith 
angle  of  86°,  and  to  reach  2 X 107  cm'3  at  40  km  at  a solar  zenith  angle  of  80°. 


INTRODUCTION 

The  upward  transport  of  stable  species  that 
originate  at  the  earth’s  surface,  most  notably 
CH4,  H2,  H20,  N20,  CC14,  CFC13,  CF2C12,  and 
HC1,  is  followed  by  photodissociation  and  oxida- 
tion in  the  stratosphere,  resulting  in  the  forma- 
tion of  an  extensive  system  of  atomic  and 
molecular  fragments  (radicals)  which  are  highly 
reactive  chemically. 

The  extreme  homogeneous  reactivity  of 
these  radicals  requires  that  the  chemical  environ- 
ment be  carefully  defined  in  the  region  of  the 
measured  sample;  this  implies  that  simultaneous 
in-situ  measurements  are  needed.  The  extreme 
heterogeneous  reactivity  of  these  radicals,  on  the 
other  hand,  requires  either  that  they  be  sampled 
remotely  or  that  particular  care  be  taken  to 
insure  complete  isolation  of  the  sample  from  the 
measurement  device. 

These  requirements  motivateu  the  develop- 
ment of  instrumentation  capable  of  performing 
simultaneous,  in-situ  measurements  in  unper- 
turbed samples  over  extended  altitude  regions. 
The  method,  here  termed  the  Laminar  Flow- 
Through/Resonance-Fluorescence  Technique,  has 
been  previously  discussed  (Anderson,  1975)  but 
will  be  treated  briefly  here.  For  completeness,  a 
rocket-borne  resonance-fluorescence  airglow 
technique  is  also  described;  it  has  previously  been 
used  to  determine  the  absolute  concentration  of 
OH  in  the  upper  stratosphere  and  mesosphere. 
Results  are  presented  on  measurements  of 


ground-state  atomic  oxygen  0(3P)  and  ground- 
state  hydroxyl  OH(X2jt),  and  a brief  discussion 
of  those  measurements  in  the  context  of  present 
photochemical  theories  of  the  stratosphere  is 
offered. 

EXPERIMENTAL 

The  Resonance-Fluorescence  A irglow  Technique 

Classical  studies  of  the  upper  atmospheres  of 
planets  have  used  and  are  continuing  to  use 
airglow  features  excited  by  ultraviolet  radiation 
from  the  sun  (Barth,  1966;  Barth  et  al.,  1971). 
Three  criteria  must  in  general  be  satisfied  in 
order  to  extract  an  absolute  concentration  from 
such  data,  assuming  that  the  spectroscopic  details 
of  the  electronic  transitions  as  well  as  the  solar 
flux  at  the  resonance  wavelength  are  known: 

1.  The  atmosphere  must  be  optically  thin 
at  the  center  of  the  resonance  line. 

2.  Resonance  fluorescence  must  be  the 
dominant  mode  of  excitation. 

3.  The  ratio  of  the  total  atmospheric  Ray- 
leigh-scattering  cross-section  to  the 
atomic  or  molecular  resonance  cross- 
section  must  be  less  than  the  muting 
ratio  of  species  under  investigation  over 
the  altitude  range  of  interest. 

Although  the  above  conditions  are  generally 
satisfied  for  a wide  range  of  species  in  the 
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thermosphere  and  upper  mesosphere,  (1)  and  (3) 
are  often  not  satisfied  in  the  stratosphere.  For 
example,  atomic  oxygen  violates  condition  (1) 
throughout  the  stratosphere,  the  mesosphere, 
and  most  of  the  thermosphere  if  the  sun  is  used 
as  a source,  because  the  atmosphere  is  optically 
deep  at  the  center  of  the  oxygen  resonance  line 
at  130.4  nm.  Moreover,  hydroxyl  violates  condi- 
tion (3)  throughout  the  entire  stratosphere  and 
most  of  the  mesosphere  because  of  its  exceed- 
ingly small  concentration  (approaching  a part  per 
trillion). 

In  order  to  extend  the  airglow  technique  to 
lower  altitudes  for  the  purpose  of  measuring  the 
absolute  concentration  of  OH,  two  points  were 
exploited: 

a.  At  various  regions  within  the  OH  (0,0) 
band  of  the  A1 2E-X2tt  transition  at 
309  nm,  the  rotational  line  spectrum 
exhibits  an  overlapping  structure  at  the 
“heads”  of  the  individual  branches, 
thereby  providing  an  enhancement  in 
the  ratio  of  the  resonance-scattering 
cross-section  to  the  Rayleigh-scattering 
cross-section. 

b.  Rayleigh  scatter  is  polarized  perpendicu- 
lar to  the  plane  containing  the  sun, 
scattering  center,  and  instrument  (see 
Goody,  1964),  whereas  molecular  reso- 
nance fluorescence  is  virtually  unpo- 
larized at  the  appropriate  branch  heads. 

Thus,  mounting  a polarized,  high-resolution 
scanning  spectrometer  in  the  nose  of  a zenith- 
oriented  spin-stabilized  rocket  made  it  possible 
to  make  observations  of  the  OH  airglow  between 
45  and  70  kilometers  (Anderson,  1971).  Data 
from  that  experiment  are  presented  in  the 
following  section.  Although  the  measurement 
was  successful,  several  shortcomings  were  inher- 
ent in  the  technique. 

1.  The  altitude  regime  of  the  measurement 
is  restricted  to  the  upper  stratosphere 
and  above,  because  of  the  exceedingly 
small  mixing  ratio  of  OH. 

2.  The  data  represent  a total  column  emis- 
sion rate  above  the  instrument,  and  thus 
they  must  be  differentiated  in  order  to 
extract  a local  volume  density.  This 


significantly  complicates  the  interpreta- 
tion of  the  data  and  precludes  the 
possibility  of  simultaneously  measuring 
chemically  related  species. 

3.  Use  of  the  sun  as  a source  prevents 
study  of  the  diurnal  behavior  of  OH. 

In  order  to  overcome  these  shortcomings  a 
new  approach  was  taken. 

The  Laminar  Flow-Through/ Resonance- 
Fluorescence  Technique 

Figure  1 presents  a schematic  of  the  flow- 
through/resonance-fluorescence technique.  A 
beam  of  photons  which  are  resonant  with  an 
allowed  electronic  transition  from  the  ground 
state  of  an  atom  or  diatomic  molecule  is  passed 
through  the  sample  gas.  The  rate  of  absorption 
and  subsequent  isotropic  reemission  of  those 
photons  is  proportional  to  the  concentration  of 
scattering  centers  within  the  beam,  thus  provid- 
ing a direct  means  of  determining  the  absolute 
concentration  of  atoms  and  diatomics  which  are 
characterized  by  large  electronic  absorption 
cross-sections  out  of  the  ground  state.  Photons 
are  collected  in  a direction  perpendicular  to  the 
source  beam  and  the  gas-flow  direction  and  are 
counted  with  a photomultiplier/pulse-counting 
system.  This  configuration,  using  mutually  per- 
pendicular directions  of  flow,  irradiation,  and 
observation,  has  been  used  successfully  in  the 
laboratory  for  gas-phase  kinetic  studies  of  atoms 
and  radicals  (Clyne  and  Cruse,  1972;  Anderson 
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and  Kaufman,  1972).  The  resonant  photon 
sources  are,  as  in  the  laboratory  application, 
low-pressure  plasma-discharge  cells  with  a trace 
quantity  of  the  species  of  interest  added  to  the 
plasma. 

Absolute  calibration  of  the  flight  instrument 
is  accomplished  in  the  laboratory  using  a fast- 
flow  reactor  of  which  the  flight  instrument  is  an 
integral  part  (Anderson,  1975).  A large-capacity 
Roots  blower  (Leybold  Heraeus  Model  WA2000) 
is  used  to  achieve  flow  velocities  and  pressures 
corresponding  to  those  encountered  during 
flight.  The  formation  of  a known  quantity  of  the 
atom  or  radical  upstream  of  the  instrument  is 
achieved  by  using,  in  the  case  of  atomic  oxygen, 
the  well-known  titration  reaction  (Morse  and 
Kaufman,  1965), 

N0  + N-»0  + N2 

and  for  OH  the  reaction  (Golden  et  al.,  1963) 

H + N02  -*•  OH  + NO. 

Both  reactions  combine  an  atom,  formed  in  the 
microwave  discharge,  with  a stable  molecule 
added  in  calibrated  amounts  through  a movable 
injector.  Sufficient  atom  concentrations  are  used 
to  insure  that  (a)  the  reaction  is  driven  to 
completion  in  a distance  small  compared  with 
the  distance  between  the  injection  point  of  the 
stable  molecule  and  the  optical  axis  of  the 
instrument,  and  (b)  the  atoms  are  in  excess  over 
the  added  stable  molecule,  insuring  that  a single 
atom  or  radical  is  produced  for  each  added 
molecule. 

The  photon  count  rate  S , in  units  of  counts 
per  second,  can  be  written  in  terms  of  the 
resonance  cross-section  a,  the  lamp  flux  F , the 
atom  or  radical  concentration  [X] , the  detector 
collection  efficiency  e,  the  transmission  of  the 
collection  optics  T,  the  phototube  quantum 
efficiency  r?,  and  the  length  of  the  lamp  beam  8 
within  the  field  of  view  of  the  detector  as 

5=  {Fo[X]{  jeTrjj  8 = C[X]  (1) 

where  the  proportionality  “constant”  C relating 
the  atom  or  radical  concentration  [X]  to  the 
count  rate  is 


C=  {EaffeTr/}  8 (2) 


An  inspection  of  the  quantities  on  the 
right-hand  side  of  Equation  (2)  reveals  that  all 
are  constants  with  the  exception  of  the  lamp  flux 
F.  Thus,  if  the  absolute  concentration  [X]  is 
independently  established  and  the  lamp  flux  F 
(or  a quantity  proportional  to  F)  is  monitored 
continuously  during  both  laboratory  calibration 
and  flight,  then  C is  uniquely  determined.  In 
practice,  during  calibration  S is  determined  as  a 
function  of  [X]  for  a fixed  flux  to  verify 
linearity  (the  optical  depth  within  the  fluores- 
cence chamber  at  line  center  for  a typical 
calibration  or  stratospheric  measurement  is 
< 1 O'6),  and  C is  plotted  as  a function  of  F for  a 
fixed  [X]  to  verify  linearity  of  the  overlap 
integral  of  the  lamp  resonance  line  and  the 
absorption  line  of  the  fluorescing  species. 

After  analysis  and  calibration  of  the  instru- 
ment in  the  laboratory,  the  detection  module  is 
removed  unaltered  from  the  flow  reactor  and 
fitted  with  a flow  nacelle  to  insure  laminar  flow 
around  and  through  the  instrument  as  shown  in 
Figure  2.  Details  of  the  nacelle  are  discussed 
elsewhere  (Anderson,  1976). 

In  order  to  establish  the  background  count 
from  sources  other  than  resonance  fluorescence 
during  flight,  gas  is  added  to  the  flow  at  the 
throat  of  the  instrument  to  chemically  eliminate 
the  atom  or  radical  of  interest,  thus  providing  a 
count  rate  in  the  absence  and  the  presence  of  the 
fluorescing  species  without  altering  the  mechan- 
ical configuration  of  the  instrument  in  any  way. 
In  the  case  of  0(3P),  cis-2-butene  is  added  to 
determine  the  background,  and  in  the  case  of 
OH,  HC1  is  added.  The  gas-addition  system  is 
programmed  before  flight  to  add  gas  at  pre- 
determined intervals. 


RESULTS  AND  DISCUSSION 
A tomic  Oxygen 

The  laminar  flow-through/resonance- 
fluorescence  technique  was  first  used  for  the 
investigation  of  ground-state  0(3P)  atomic 
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Figure  2.  Detection  module  as  housed  in  the  flight 
nacelle. 


oxygen  in  the  stratosphere.  An  instrument  con- 
figured as  shown  in  Figure  2 was  suspended  from 
a stabilized  high-altitude  parachute  which  was 
dropped  from  a balloon.  Two  flights  were  made, 
the  first  on  25  November  1974,  descending  from 
an  altitude  of  40  kilometers,  and  the  second  on 
7 February  1975  from  an  altitude  of  43  kilo- 
meters. The  launch  and  deployment  were  in  the 
vicinity  of  Palestine,  Texas  (32°N)  at  solar  zenith 
angles  of  56°  and  51°  respectively.  Figure  3 
presents  the  results  of  both  flights,  along  with  a 
theoretically  calculated  midlatitude  model  for  a 
solar  zenith  angle  of  55°  (Liu,  1976).  Although  a 
thorough  discussion  of  the  model  and  of  the 
agreement  between  theory  and  experiment  is 
beyond  the  scope  of  this  paper,  several  observa- 
tions may  be  drawn  from  Figure  3. 

a.  Rather  good  agreement  is  apparent  be- 
tween the  model  and  the  measurements 
below  40  kilometers.  Above  that  alti- 
tude, rather  less  0(3P)  is  measured  than 
is  calculated.  Of  course,  a simultaneous 
measurement  of  the  in-situ  concen- 
tration of  O3  would  be  crucial  in 
determining  whether  the  observed  low 


Figure  3.  The  atomic-oxygen  concentration  on  25  November  1974  and  7 February  1975  in  the 
earth's  stratosphere,  compared  with  model  calculations. 
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0(3P)  concentration  above  40  km  is 
a reflection  of  a low  0(3P)-to-03  ratio 
or  of  a depression  in  total  odd  oxygen 
(0(3P)  + 03). 

concentration  above  40  km  is  a reflec- 
tion of  a low  0(3P)-to-03  ratio  or 
of  a depression  in  total  odd  oxygen 
(0(3P)  + 03). 

b.  There  is  significant  structure  in  the 
atomic  oxygen  profile  below  about 
30  km.  Although  the  mean  value  of 
0(3P)  was  similar  during  both  flights, 
local  variations  up  to  a factor  of  six  are 
apparent  in  the  low-altitude  data. 

c.  The  measurement  technique  should  be 
able  to  detect  atoms  in  the  part-per- 
trillion  range  under  flight  conditions. 

The  high-altitude  limit  of  the  experiments 
was  determined  by  the  peak  altitude  of  the 
balloon  chosen  for  the  flights,  and  the  low- 
altitude  limit  was  determined  by  consideration  of 
the  recombination  of  0(3P)  in  the  three-body 
reaction 

O + O2  + M O3  + M 

which,  in  the  absence  of  solar  ultraviolet  radia- 
tion after  the  sample  enters  the  instrument 
throat,  converts  0(3P)  back  to  03.  This  low- 
altitude  limit  is  not  insurmountable:  it  has  now 
been  demonstrated  that  there  is  no  contribution 
to  the  detector  counting  rate  from  atmospheric 
Rayleigh-backscattered  sunlight,  so  the  detection 
axis  can  be  moved  to  the  plane  of  the  entry  port. 

In  order  to  prevent  formation  of  atomic 
oxygen  in  the  beam  of  the  lamp  (which  would 
alter  the  apparent  ambient  concentration)  care 
was  taken  to  limit  the  photon  flux  from  the  lamp 
to  5 X 1010  photons/sec  in  the  resonance  triplet 
at  130.4  nm.  At  typical  velocities  of  descent  on 
the  parachute  of  104  cm/sec,  and  for  a lamp 
beam  width  of  1.5  cm,  no  contribution  to  the 
resonance-fluorescence  signal  .from  oxygen  atoms 
formed  in  the  beam  was  possible. 

Hydroxyl 

The  hydroxyl  radical  is  now  regarded  as 
perhaps  the  central  radical  in  stratospheric 
chemistry.  Not  only  is  it  responsible  for  the 


direct  catalytic  recombination  of  03  and  0(3P), 
it  also  links  together  the  hydrogen  and  nitrogen 
radical  systems  via  the  recombination  reaction 

OH  + N02  + M -*•  HN03  + M 

and  it  is  responsible  for  liberating  free  chlorine 
from  HC1  through  the  reaction 

OH  + HC1  - Cl  + H2 

(see,  for  example,  Stolarski  and  Cicerone,  1974; 
Wofsy  and  McElroy,  1974;  and  Rowland  and 
Molina,  1975).  Figure  4 presents  data  taken  on 
22  April  1971  between  the  altitudes  of  45  and 
70  km  at  a solar  zenith  angle  of  86°,  and  on  18 
July  1975  at  an  altitude  of  40  km  and  a solar 
zenith  angle  of  80°.  In  both  cases,  collisional 
deactivation  of  the  A state  of  OH  was  calculated 
using  a bimolecular  quenching-rate  constant  for 
molecular  nitrogen  of  2 X 10-1 1 cm3  sec'1 
(Becker  et  al.,  1972;  Hooymayers  and  Alkemade, 
1967)  and  for  molecular  oxygen  of  6 X 10"11 
cm3  sec'1  (Hooymayers,  1967),  both  of  which 
are  significantly  larger  than  the  1 X 10" 11  cm3 
sec'1  value  adopted  for  both  N2  and  02  in  the 
previous  presentation  of  the  22  April  1971  data 
(Anderson,  1971). 

A full  interpretation  of  these  results  requires 
a careful  treatment  of  the  diurnal  behavior  of 
OH,  because  the  radical  concentration  decreases 
rapidly  in  the  period  immediately  preceding 
sunset,  particularly  at  50  km  and  below  (Liu, 
1976).  However,  the  following  conclusions  can 
be  drawn: 

a.  Hydroxyl  is  present  in  the  stratosphere 
at  a concentration  similar  to  that  pre- 
dicted by  theory,  although  both  more 
data  and  a detailed  theoretical  treat- 
ment of  the  OH  diurnal  behavior  are 
lacking. 

b.  Variability  in  the  hydroxyl  concentra- 
tion may  be  greater  than  anticipated.  It 
is  essential  to  monitor  the  H20  and  03 
concentrations  simultaneously  with  that 
of  OH  in  order  to  establish  the  reason 
for  such  variability.  Future  flights  will 
measure  all  three  species  with  a multi- 
ple-instrument arrangement  using  sepa- 
rate detectors  on  a common  airframe. 
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Figure  4. 


Comparison  between  hydroxyl  concentrations  measured  using  rocket  and  using  balloon 
techniques.  Parentheses  indicate  estimated  experimental  uncertainties. 
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ABSTRACT:  This  presentation  covers  two  distinct  subjects.  The  efficiency  of  IPC-1478  filters  in  the 
collection  of  stratospheric  nitric  acid  vapor  has  been  determined  by  in-situ  controlled  exposures,  and  a 
calibrated  curve  is  presented.  Recent  measurements  of  stratospheric  hydrogen  chloride  are  also 
discussed. 


HYDROGEN  NITRATE 

In  February  1971,  we  measured  nitric  acid 
at  25  kilometers  using  two  separate  air-filtration 
samplers,  one  containing  a regular  IPC-1478  filter 
and  one  a base-impregnated  filter.  They  both 
gave  the  same  results,  thus  providing  the  basis  for 
our  continued  use  of  neutral  IPC-1478  filters  for 
determining  HNOj  throughout  the  CIAP  pro- 
gram. Since  that  time,  however,  two  develop- 
ments have  suggested  that  their  collection  effi- 
ciency might  not  be  adequate.  First,  between  21 
and  30  km,  which  is  where  the  HNOj  exists  in 
highest  concentration,  our  measurements  have 
been  consistently  less  than  those  obtained  by 
infrared  spectroscopy.  Second,  some  indirect 
evidence  obtained  by  W.  Sedlacek  suggested  our 
data  collection  at  lower  altitudes  was  not 
efficient. 

Our  approach  has  been  to  determine  effici- 
encies under  in-situ  sampling  conditions.  The 
filters  we  are  using  (see  Figure  1)  are  segmented 
into  four  sectors  separated  from  each  other  by 
thin  barriers  of  Silastic  resin.  IPC-1478  filters  are 
composed  of  cellulose  fibers  impregnated  with 
dibutoxyethylphthalate.  One-half  the  filter  is 
then  further  impregnated  with  tetrabutylam- 
monium  hydroxide.  Two-sixths  of  the  filter  are 
masked  during  sampling  to  provide  contamina- 
tion controls  for  the  basic  and  regular  portions  of 
the  filter.  A balloon  flight  in  which  the  sampler 


impregnated 

Control 


Figure  1.  Segmented  and  impregnated  IPC-1478 
filter  used  for  balloon  sampling. 


doors  did  not  open  was  used  to  confirm  the 
reliability  of  these  contamination  controls  as 
blank  corrections. 

The  efficiency  determination  consisted  of 
three  parts.  First,  four  sets  of  completely  base- 
impregnated  filters,  each  containing  two  in  tan- 
dem, were  flown  on  several  flights  of  the  WB-57F 
aircraft.  In  each  case,  no  HNOj  passed  beyond 
the  first  filter.  It  is  important  to  know  that  the 
face  velocity  of  air  passing  through  the  aircraft 
filters  is  an  order  of  magnitude  higher  than 
through  the  balloon  filters,  and  therefore  repre- 
sents our  most  difficult  conditions  in  terms  of 
collection  efficiency.  Laboratory  tests  indicated 
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the  extent  to  which  the  face  velocity  was 
decreased  by  the  presence  of  the  second  filter  in 
tandem.  In-situ  tests,  in  which  the  speed  of  the 
WB-57F  was  varied  on  three  separate  flights,, 
confirmed  that  this  decrease  in  face  velocity  did 
not  observably  alter  the  collection  efficiency  for 
HNO3.  Lab  experiments  further  show  that  the 
pressure  drop  of  the  filter  is  not  measurably 
changed  by  the  impregnation  procedure.  The 
evidence  thus  demonstrates  the  high  efficiency  of 
the  base-impregnated  filters  for  HNO3  collection. 

The  segmented  filters  were  next  flown  on 
four  balloons  between  60  and  90  thousand  feet. 
There  was  no  systematic  difference  between  the 
HNO3  measurements  made  on  the  neutral  sectors 
and  those  made  on  the  basic  sectors.  If  one 
therefore  assumes  the  mean  value  is  the  true  one, 
then  the  mean  relative  error  between  the  impreg- 
nated and  neutral  sectors  of  a given  balloon- 
borne  filter  is  12%.  The  data  thus  confirm  the 
high  collection  efficiency  of  the  neutral  1PC- 
1478  filters  in  balloon-borne  sampling  during 
our  measurement  program.  This  sampling  covers 
the  altitude  region  where  the  main  body  of  the 
HNO3  layer  exists. 

The  segmented  filters  were  then  flown  on 
the  WB-57F  aircraft.  In  this  case  no  consistent 
difference  was  observed  between  the  neutral  and 
basic  filter  collections  below  1 ppbm  HNO3.  This 
is  illustrated  in  Figure  2.  The  data  for  concentra- 
tions above  1 ppbm  are  shown  expanded  in 
Figure  3.  The  percent  efficiency  at  the  high  face 
velocities  encountered  in  aircraft  sampling  (about 
0.92  km/min)  appears  to  be  a function  of  the 
amount  of  HNO3  collected  on  the  paper.  Ac- 
cording to  Figure  3,  the  collection  efficiency  for 
the  highest  concentrations  we  have  encountered 
during  our  general  sampling  is  about  65%.  Usual- 
ly, however,  the  HN03  concentrations  we  have 
encountered  are  in  the  collection-efficiency  range 
of  75-100%. 

We  now  plan  to  republish  our  data  with  the 
necessary  correction.  From  the  viewpoint  of 
stratospheric  modelers,  the  validity  of  the  data  of 
most  interest  (i.e.,  above  21  km)  has  been  con- 
firmed by  our  recent  results.  Similarly,  the  low 
HNO3  concentrations  in  the  region  of  lower- 
altitude  aircraft  sampling  are  confirmed.  The 
principal  effect  of  the  correction  will  be  to  make 
the  concentration  gradient  more  gradual  at  the 
bottom  of  the  main  HNO3  layer. 


Figure  2.  HNOj  concentrations  determined  by 
base-impregnated  IPC-1478  filter  paper 
compared  with  those  determined  by 
neutral  paper.  Units  are  10‘9  HNOj/g 
air. 
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Figure  3.  Collection  efficiency  (%)  as  a function  of 
HN03  per  sample  (mg). 
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HYDROGEN  CHLORIDE 


The  stratospheric  hydrogen  chloride  mea- 
surements were  made  using  the  segmented  filters. 
The  basic  portion  is  assumed  to  collect  HC1  plus 
particulate  chloride,  while  the  neutral  portion 
collects  only  particulate  chloride.  The  amount  of 
chlorine  collected  is  determined  by  a standard 
test  in  which  chloride  ion  displaces  thiocyanate 
ion  from  mercuric  thiocyanate.  The  thiocyanate 
then  forms  a red  complex  with  ferric  alum.  The 
chloride  measurements  have  been  independently 
confirmed  by  W.  Sedlacek  using  neutron  activa- 
tion. Since  the  latter  method  determines  total 
chlorine,  we  can  conclude  that  there  is  no  large 
contribution  from  species  other  than  chloride, 
except  possibly  from  compounds  which  could 
convert  to  chloride  during  sampling.  Since  CIO  is 
at  most  a sixth  of  the  HC1  at  30  km,  and 
diminishes  rapidly  with  decreasing  altitude  ac- 
cording to  current  models,  it  is  improbable  that 
our  results  are  appreciably  affected  by  this 
material.  Our  worst  errors  are  estimated  at  30%. 

Figure  4 shows  the  chloride  results.  The 
concentrations  increase  with  altitude,  suggesting 
an  in-situ  stratospheric  source.  Similarly,  the 
concentrations  increase  at  higher  latitudes. 

Particulate  chloride  may  represent  a sink  for 
gaseous  stratospheric  halogens.  As  is  shown  in 
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Figure  5,  however,  the  amounts  of  particulate 
chloride  in  our  samples  were  sporadic  and  low. 
Since  the  highest  particulate  concentrations  ap- 
pear at  24.5  and  27  km,  at  an  altitude  con- 
siderably higher  than  that  of  the  usual  aerosol 
layer,  it  is  very  likely  that  they  represent  a 
sampling  artifact.  It  is  quite  possible  that  Cl" 
would  not  be  retained  in  stratospheric  sulfuric- 
acid  aerosol  after  sampling,  because  of  its  high 
vapor  pressure  at  surface  temperatures.  We  are 
now  checking  this  possibility  in  the  laboratory, 
since  it  may  mean  that  our  present  technique 
cannot  determine  the  stratospheric  particulate 
chloride.  C.S.  Kiang,  visiting  NCAR  from  Clark 
College,  is  attempting  to  determine  the  maxi- 
mum HC1  content  at  stratospheric  temperatures 
under  equilibrium  conditions  in  stratospheric 
sulfate  aerosol  (believed  to  be  about  70% 
H2SO4).  We  are  also  considering  the  option  of 
keeping  our  samples  cold. 
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Figure  5.  Stratospheric  particulate  chloride  reported 
as  10"9g  Cl/g  air. 

Several  preliminary  measurements  of  strato- 
spheric bromine  were  made  by  neutron- 
activation  analysis  of  the  extracts  of  segmented 
filters  flown  on  the  WB-57F  aircraft.  The  results 
are  shown  in  Table  1.  The  concentrations  appear 
to  be  larger  at  the  higher  altitude,  though  the 
data  are  too  sparse  to  draw  a firm  conclusion. 

Our  attempt  to  determine  the  collection 
efficiency  for  HC1  during  a series  of  flights  in 
November  1974  was  unsuccessful,  partly  because 
we  flew  at  low  altitudes  and  partly  because  of 
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Table  1.  Stratospheric  Bromine  Measurements 


Impregnated  Neutral 


Altitude 

Latitude 

Filter* 

Filter* 

HBr* 

15.3  km 

17-19N 

6.5 

3.4 

•3.1 

15.3  km 

21-24N 

7.5 

3.3 

4.2 

15.3  km 

24-29N 

7.6 

2.4 

5.2 

15.3  km 

29-33N 

9.6 

4.0 

5.6 

15.3  km 

33-40N 

7.3 

4.4 

2.9 

15.3  km 

4045  N 

9.4 

8.0 

1.4 

18.3  km 

17-20N 

12.7 

1.7 

11.0 

18.3  km 

4045N 

12.6 

5.6 

7.0 

•Units: 

1012g  Br/gair 

equipment  failure.  In  February  1975  a new  series 
of  efficiency  tests  is  being  attempted  with  the 


aircraft.  These  will  be  followed  in  April  by 
analogous  balloon-borne  experiments.  The  collec- 
tion efficiencies  of  our  measurements  for  both 
stratospheric  aerosol  and  nitric  acid  have  now 
been  checked  in  a fairly  direct  manner,  and  we 
hope  soon  to  complete  the  picture  with  similar 
results  for  stratospheric  hydrogen  chloride. 
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DISCUSSION 

GEL1NAS:  About  a year  and  a half  ago  I worked  on  a 
diurnal  model  of  the  NOv  species,  and  unfortunately  I 
reported  my  results  only  in  the  proceedings  of  the 
IAMAP/IAPSO  Melbourne  conference  of  January  1974. 
So  there  are  a couple  of  points  that  1 would  like  to 
make  for  those  who  might  not  have  heard  some  of  the 
results  of  that  work. 

First,  factors  of  20  in  the  variability  of  NO  are  not 
surprising  when  variable  transport  rates  of  N205  are 
included  in  a diurnal  kinetic  model.  When  the  flux  of 
N2Os  into  or  out  of  a very  local  region  is  varied.  NO 
can  change  easily  by  factors  of  20  and  perhaps  by 
factors  up  to  100.  In  this  regard,  N205  is  a sequesterer, 
as  Halstead  Harrison  liked  to  say,  for  NO.  N03  is  also  a 
crucial  element  in  this  diurnal  mechanism.  The  vari- 
ability seen  among  the  one-dimensional  models  is  thus 
not  surprising.  Such  models  have  to  be  applied  with 
particular  care  because  they  are  really  not  designed  to 
account  for  these  local  variations  in  transport. 

My  second  point  has  to  do  with  the  controversial 
NOj  data  of  Brewer  et  al.,  which  were  also  presented  at 
Melbourne.  Our  kinetic  model  does  in  fact  reveal  some 
of  the  same  general  characteristics  for  N02.  Our  N02 
concentration  increases  from  a low  value  just  after 
sunrise  to  a high  value  around  noon,  may  decline 
somewhat  in  the  afternoon,  may  increase  again  just 
before  sunset,  and  then  rises  quickly  after  sunset. 

It  is  going  to  take  very  precisely  directed  mecha- 
nistic studies  to  deal  properly  with  local  variables,  such 
as  NO  and  NOj. 

CRUTZEN:  Ackerman  mentioned  N02  mixing  ratios  of 
3 X I O'9  in  the  troposphere.  John  Noxon  has  done 
extensive  measurements  of  N02  in  the  troposphere.  At 


his  observatory  in  the  Rocky  Mountains,  when  the  wind 
is  blowing  from  the  west,  the  NOx  background  mixing 
ratio  never  goes  above  10‘10.  His  data  on  N02  in  the 
stratosphere  generally  agree  with  those  reported  here  by 
C.T.  McElroy  et  al.  However,  he  doesn’t  find  the  diurnal 
variation  which  they  do,  and  he  suggests  that  water- 
vapor  absorption  is  also  present  at  one  of  the  absorption 
wavelengths  they  use. 

C.T.  McELROY:  My  co-worker  Jim  Kerr  has  made 
other  measurements  at  different  wavelength  triplets  that 
do  not  include  that  possible  water-vapor  line.  In  one 
case  he  got  qualitative  agreement  which  was  well  within 
the  experimental  accuracy.  Therefore,  we  don’t  accept 
the  water-vapor  explanation  for  what  we’re  observing. 

JOHNSTON:  Bob  Gelinas’s  reminder  of  the  importance 
jf  N2Os  and  NOj  prompts  me  to  point  out  some  of  our 
recent  results,  even  though  Rick  Graham,  the  graduate 
student  who  obtained  them,  has  begged  me  not  to 
commit  him  until  he  has  completed  interpreting  all  the 
data.  But  1 think  it’s  important,  and  some  people 
haven’t  heard  it,  though  I have  written  most  of  the 
modelers.  In  the  photolysis  of  NOj,  there  is  a threshold 
wavelength  below  which  you  can  only  get  NO  + 02.  and 
that  path  completes  another  catalytic  cycle  that 
destroys  ozone.  Above  that  threshold  you  can  get 
N02  + O,  which  completes  a do-nothing  cycle.  I think 
we  have  good  data  now  that  show  that  NO^  photolysis 
does  not  give  NO  with  a quantum  yield  any  greater  than 
10%,  but  it  does  give  N02  with  a substantial,  but  as  yet 
unmeasured,  quantum  yield. 

WATSON:  Are  your  observed  oxygen-atom  concentra- 
tions consistent  with  theory?  How  do  you  hope  to 
observe  OH  by  the  resonance-lamp  technique  when  its 
cross-section  is  so  much  weaker  than  that  of  O? 
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J.  ANDERSON:  Both  of  those  are  very  good  questions.  has  a cross-section  of  5 X 10  * 7.  However,  the  flux  from 

The  Wallops  Island  ozonesonde  flight  of  the  same  day  the  lamp  in  the  case  of  oxygen  atoms  is  limited  by  the 

demonstrated  that  the  ozone  profile  was  typical  of  optical  depth,  which  is  of  course  proportional  to  the 

winter.  The  ratio  of  the  observed  O and  03  concentra-  oscillator  strength.  That  is  not  a problem  in  the  case  of 

tions  agrees  with  the  Chapman  theory,  though  the  lower  the  OH  lamp,  and  the  detectability  of  both  OH  and  O is 

part  of  the  profile  gives  more  atomic  oxygen  than  some  5 X 10s  per  cubic  centimeter, 

theory  would  predict.  There  is  another  problem  with  OH;  its  transition 

The  answer  to  the  second  question  is  that  the  has  a lifetime  in  the  microsecond  range,  so  that  you 

resonance  absorption  cross-section  for  O has  a value  of  have  to  be  careful  of  quenching  in  the  lower 

about  3 X 10'13.  The  most-allowed  transition  for  OH  stratosphere. 


U.S.  Department  of  Transportation 


Fourth  Conference  on  CIAP,  February  1975 


HETEROGENEOUS  PROCESSES  AND  THE  CHEMISTRY 
OF  AEROSOL  FORMATION  IN  THE  UPPER  ATMOSPHERE 


A.W.  CASTLEMAN,  JR.,*  R.E.  DAVIS,  I.N.  TANG,  AND  J.A.  BELL 
Department  of  Applied  Science 
Brookhaven  National  Laboratory 
Upton,  New  York 


ABSTRACT:  Heterogeneous  processes  of  potential  importance  in  the  stratosphere  may  be  classified 
into  five  categories.  These  include  charge  exchange  between  ions  and  aerosols,  the  production  of  trace 
species,  surface  catalytic  effects,  adsorption  of  trace  species,  and  the  formation  of  new  aerosol 
particles.  Each  of  these  is  assessed  with  regard  to  its  significance  for  the  chemical  and  physical 
processes  operating  in  the  stratosphere. 

Particular  attention  is  given  to  the  formation  mechanisms  responsible  for  the  stratospheric 
aerosol  layer.  Under  certain  conditions,  sulfur  compounds  are  known  to  contribute  to  aerosol 
formation,  but  the  basic  mechanism  leading  to  the  production  of  sulfuric  acid  and  other  sulfate 
aerosols  has  not  been  well ■ established.  Experiments  have  been  performed  in  this  laboratory  to 
elucidate  some  important  reaction  steps  in  the  mechanism  of  sulfuric-acid  aerosol  formation. 
Specifically,  the  oxidation  of  S02  by  the  OH  radical,  and  the  reaction  of  S03  and  H 20,  have  been 
studied  and  are  described  here.  In  addition,  experimental  results  on  the  gas-to-particle  conversion 
arising  from  reactions  of  S02  and  nitrogen  oxides  under  stratospheric  conditions  are  presented.  This 
paper  discusses  the  results  of  these  kinetic  studies  and  the  likelihood  of  particle  formation  under 
various  atmospheric  conditions. 


INTRODUCTION 

Knowledge  of  the  chemistry  of  upper- 
atmospheric  aerosols  is  still  quite  rudimentary,  so 
it  is  not  surprising  that  there  is  a paucity  of 
quantitative  information  regarding  the  latter’s 
role  in  the  chemistry  of  gaseous  species  occupy- 
ing these  regions.  We  have  recently  undertaken 
a study  examining  the  various  possible  hetero- 
geneous mechanisms  and  processes  which  may 
occur;  this  examination  has  led  to  a determina- 
tion of  those  likely  to  be  important.  These  assess- 
ments have  shown  which  mechanisms  should  be 
incorporated  into  modeling  calculations  of  the 
behavior  of  trace  atmospheric  constituents,  and 
which  processes  warrant  further  attention  in 
laboratory  studies. 

In  the  broad  contexts  of  heterogeneous 
processes  in  the  upper  atmosphere,  there  are  five 
major  areas  to  be  considered:  charge  exchange, 
production  of  trace  species,  catalytic  effects, 
adsorption  of  trace  species,  and  development  of 
new  surfaces.  This  paper  is  divided  into  two 


sections.  The  first  addresses  the  importance  of 
heterogeneous  processes  to  stratospheric  chemis- 
try; it  discusses  the  first  four  of  these  areas.  A 
second  section  is  devoted  to  the  development  of 
new  surfaces;  it  deals  mainly  with  the  formation 
of  sulfate  aerosols  in  the  stratosphere. 

ASSESSMENT  OF  THE  IMPORTANCE 
OF  HETEROGENEOUS  PROCESSES 
TO  STRATOSPHERIC  CHEMISTRY 

Charge  Exchange 

The  stratosphere  contains  approximately 
]03  ion  pairs  cm-3,  distributed  variously  with 
altitude  and  latitude.  Ion  concentrations  are 
established  by  the  balance  between  the  rates  of 
formation  and  of  destruction.  The  latter  is  the 
result  of  two  processes;  it  includes  recombination 
of  negative  and  positive  ions,  and  the  process  of 
ion  charge  exchange  with  free  surfaces  provided 
by  aerosol  particles. 


♦Dr.  Castleman,  to  whom  correspondence  should  be  addressed,  is  now  with  the  Department  of  Chemistry  and  C1RES  of 
the  University  of  Colorado,  Boulder,  Colorado  80309. 
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Studies  show  that,  to  a good  approximation, 
aerosols  probably  maintain  a charge  distribution 
according  to  the  relationship  (Keefe  et  ai.,  1959) 

— = 2e-P2{i2/2tkT 

N0 

where  N±  is  the  number  concentration  of  aerosols 
(negatively  or  positively  charged)  with  p charges 
and  radius  r,  while  N0  is  the  total  number 
concentration  of  uncharged  aerosols.  The  sym- 
bols q,  k,  and  T denote  the  charge  of  the 
ele  iron,  Boltzmann  constant,  and  absolute  tem- 
perature, respectively. 

The  rate  of  change  of  ion  concentration,  n, 
is  given  (Bricard  and  Pradel,  1966)  by 

•^  = Q - an2  - n[|3N] 

where  t is  time,  Q ion  production  rate,  a 
recombination  coefficient  for  negative  and  posi- 
tive ions,  and  0 coefficient  of  ion  attachment  to 
aerosols. 

Under  stratospheric  conditions, 

icr7<  a < 10'6  and 

10-6  < 0 < 10'4 
from  which  it  follows  that 

ion  recombination  an  > j q 

charge  exchange  /3N 

The  processes  of  ion  recombination  and  charge 
exchange  could  be  of  about  equal  importance 
only  in  regions  where  the  stratospheric  aerosol 
concentration  is  at  a maximum;  elsewhere  in 
the  upper  atmosphere,  the  process  of  charge- 
exchange  with  aerosols  is  of  only  secondary 
importance. 

Production  of  Trace  Species 

There  are  several  situations  where  aerosols 
have  been  thought  to  play  a role  in  the  produc- 
tion of  trace  species  in  the  upper  atmosphere. 
These  include  the  production  of  aerosols  com- 
posed of  condensed  metal-oxide  vapors  resulting 
from  the  ablation  of  meteors,  the  possible  role  of 


aerosols  in  the  production  of  the  sodium  layer  of 
93  km,  and  the  production  of  HC1  from  the 
reaction  of  H2SO4  and  NaCl.  We  have  previously 
considered  the  first  two  possibilities  (Castleman, 
1974)  and  shown  that  the  second  is  of  no 
importance. 

The  possibility  of  HC1  production  from  the 
reaction  of  H2SO4  and  NaCl  was  calculated;  the 
results  are  plotted  in  Figure  1 . Based  on  thermo- 
dynamic considerations,  there  is  a strong  likeli- 
hood that  this  reaction  forms  appreciable  quan- 
tities of  HC1  in  the  stratosphere.  It  is  almost 
certain  that  either  the  supply  of  NaCl  (sea  salt) 
aerosols,  the  kinetics  of  the  surface  reaction,  or 
both,  limit  HC1  production.  Clearly  the  kinetics 
of  this  reaction  warrants  study. 


TCK) 


Figure  1.  Concentration  of  HC1  as  a function  of 
temperature  in  the  equilibrium  between 
NaCl  and  H2S04. 

Surface  Catalytic  Effects 

There  are  three  possible  ways  in  which 
aerosol  surfaces  may  play  a role  in  affecting  the 
gas-phase  concentration  of  chemically  reactive 
species.  These  include  the  destruction  of  reactive 
intermediates  such  as  free  radicals  which  normal- 
ly are  important  in  gas-phase  reactions,  a cata- 
lytic influence  on  reactions  between  stable  gas- 
phase  constituents,  and  the  stabilization  of  a 
product  molecule  in  the  condensed  state  which 
readily  dissociates  in  the  gas  phase. 
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Studies  show  that,  to  a good  approximation, 
aerosols  probably  maintain  a charge  distribution 
according  to  the  relationship  (Keefe  et  al.,  1959) 

= 2e-P  V/*kT 

N0 

where  Nt  is  the  number  concentration  of  aerosols 
(negatively  or  positively  charged)  with  p charges 
and  radius  r,  while  N0  is  the  total  number 
concentration  of  uncharged  aerosols.  The  sym- 
bols q,  k,  and  T denote  the  charge  of  the 
electron,  Boltzmann  constant,  and  absolute  tem- 
perature, respectively. 

The  rate  of  change  of  ion  concentration,  n, 
is  given  (Bricar  1 and  Pradel,  1966)  by 

^•  = Q - an2  - n[0N] 

where  t is  time,  Q ion  production  rate,  a 
recombination  coefficient  for  negative  and  posi- 
tive ions,  and  /3  coefficient  of  ion  attachment  to 
aerosols. 

Under  stratospheric  conditions, 

10-7<  a < 10-6  and 

KT6  < & < lO'4  , 

from  which  it  follows  that 

ion  recombination  > an  > ^ q 

charge  exchange  fJN 

The  processes  of  ion  recombination  and  charge 
exchange  could  be  of  about  equal  importance 
only  in  regions  where  the  stratospheric  aerosol 
concentration  is  at  a maximum;  elsewhere  in 
the  upper  atmosphere,  the  process  of  charge- 
exchange  with  aerosols  is  of  only  secondary 
importance. 

Production  of  Trace  Species 

There  are  several  situations  where  aerosols 
have  been  thought  to  play  a role  in  the  produc- 
tion of  trace  species  in  the  upper  atmosphere. 
These  include  the  production  of  aerosols  com- 
posed of  condensed  metal-oxide  vapors  resulting 
from  the  ablation  of  meteors,  the  possible  role  of 


aerosols  in  the  production  of  the  sodium  layer  of 
93  km,  and  the  production  of  HC1  from  the 
reaction  of  H2SO4  and  NaCl.  We  have  previously 
considered  the  first  two  possibilities  (Castleman, 
1974)  and  shown  that  the  second  is  of  no 
importance. 

The  possibility  of  HC1  production  from  the 
reaction  of  H2SO4  and  NaCl  was  calculated;  the 
results  are  plotted  in  Figure  1 . Based  on  thermo- 
dynamic considerations,  there  is  a strong  likeli- 
hood that  this  reaction  forms  appreciable  quan- 
tities of  HC1  in  the  stratosphere.  It  is  almost 
certain  that  either  the  supply  of  NaCl  (sea  salt) 
aerosols,  the  kinetics  of  the  surface  reaction,  or 
both,  limit  HC1  production.  Clearly  the  kinetics 
of  this  reaction  warrants  study. 
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Figure  1.  Concentration  of  HC1  as  a function  of 
temperature  in  the  equilibrium  between 
NaCl  and  H2S04. 

Surface  Catalytic  Effects 

There  are  three  possible  ways  in  which 
aerosol  surfaces  may  play  a role  in  affecting  the 
gas-phase  concentration  of  chemically  reactive 
species.  These  include  the  destruction  of  reactive 
intermediates  such  as  free  radicals  which  normal- 
ly are  important  in  gas-phase  reactions,  a cata- 
lytic influence  on  reactions  between  stable  gas- 
phase  constituents,  and  the  stabilization  of  a 
product  molecule  in  the  condensed  state  which 
readily  dissociates  in  the  gas  phase. 
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In  order  to  assess  the  possible  importance  of 
the  first  and  second  processes,  we  extended  the 
calculations  of  Klein  (1973)  and  Johnston 
(1973).  The  well-known  Eley-Rideal  mechanism 
was  chosen  to  provide  a basis  for  discussion.  In 
making  the  calculations,  a binary  reaction  be- 
tween an  adsorbed  molecule  A and  a gas-phase 
species  at  concentration  [B]  was  assumed  to 
occur.  Furthermore,  A and  B were  considered  to 
react  on  the  surface,  and  product  C to  desorb. 

By  equating  the  rate  of  adsorption  of  A (rate 
constant  k| ) with  the  rate  of  removal  by  reaction 
(rate  constant  k2 ),  the  following  relation  for 
fraction  of  the  surface  covered  is  obtained: 

k,(A|  * ki|Bl 

Taking  the  gas-phase  molecular  velocity  of  A and 
B to  be  ^4  X I04  cm  sec',  and  the  probability 
that  A will  stick,  and  B react,  on  collision  as  f, 
and  f2  respectively,  the  approximate  overall 
conversion  rate  on  the  surface  is  given  by 


4 X 104trr2Nf,f2[A]  [B] 

Rs  = |fi[A]  + (2[B)| 

Here,  N is  the  number  density  of  aerosols  of 
radius  r.  The  radii  of  the  particles  of  interest  are 
not  greatly  different  from  several  tenths  of  a 
micron.  Furthermore,  as  a maximum,  we  take 
fl  = l. 

Taking  the  .atio  of  the  surface  rate  to  the 
gas-phase  rate  of  convetoion  (rate  constant  kg), 
we  obtain 


easily  shown  that  f=  1,  1/2,  f2,  1/2  f2,  and 
f2  [B]  / [ A] . At  this  point,  specific  systems  are 
not  under  discussion  and  the  choice  of  [A]  and 
[B]  is  arbitrary;  therefore,  the  fifth  case  need 
not  be  considered.  Furthermore,  within  the  un- 
certainty of  the  approximations,  factors  of  two 
are  immaterial  and  only  the  two  cases  f = {l,  f2| 
are  of  consequence.  Note  that  the  constant  f2<  1. 

As  discussed  earlier,  within  the  region  be- 
tween the  tropopause  and  stratopause,  N < 1 
cm'3;  at  higher  elevations  N^IO-3  cm'3.  The 
inverse  of  the  product  kg[B]  is  related  to  the 
relaxation  time  for  the  reaction  of  A (taken  as 
the  minor  constituent).  As  pointed  out  by  Klein 
(1973)  and  Johnston  (1973),  for  the  case  of  very 
fast  gas-phase  reactions,  Rs/Rg  -4  I , and  the 
effects  of  surfaces  are  negligible. 

In  fact,  for  the  stratosphere,  even  if  appro- 
priate catalytic  surfaces  were  available  at  the 
reported  total  aerosol  number  concentrations, 
surface  reactions  could  be  significant  only  for 
cases  in  which  the  gas-phase  reactions  have 
relaxation  times  > 104  sec.  At  much  higher 
altitudes,  surface  reactions  could  be  important 
only  if  the  homogeneous  reactions  have  relaxa- 
tion times  longer  than  1 07  sec. 

There  are  some  cases  which  may  fulfill  this 
criterion.  For  instance  (Johnston,  1973),  the 
recombination  reaction  of  ozone  on  some  metal- 
oxide  surfaces  occurs  with  nearly  unit  efficiency. 
Therefore,  if  present  in  appreciable  concentra- 
tions, metal-oxide  aerosols  could  have  some 
effect  on  the  ozone  levels  in  the  upper  atmo- 
sphere. Other  possible  surface  reactions  which 
may  be  of  some  importance  are 


Rs  10~4f2N 

Rg  < kg  { (A]  + f2  [B]  | 


H20  + N205  -2HNO3 
(Klein,  1973;  Johnston,  1973)  and 


Five  cases  may  be  identified:  f2  [B]  > IA1; 
f2  [B]  -=  [A] ; f2<l,  [B]  =*  [A] ; [A]^[B], 
f2  =1 ; and  [ B]  f2  < [A].  All  may  be  general- 
ized by  the  relationship 


Rs  10"4Nf 

Rg  < kg[Bl  ’ 

where  for  the  five  cases  respectively,  it  can  be 


S02  + [oxidant]  -*  SO3  . 

The  ratios  of  the  surface  rate  to  the  gas-phase 
rate  are  given  in  Table  I for  these  reactions,  as 
well  as  for  others  that  may  be  of  marginal 
importance. 

Similar  analyses  have  been  made  for  the  case 
of  reactions  involving  the  free  radicals  HO->,  OH, 
CH3O,  Cl,  O,  CH3,  and  H.  The  results  are  given 
in  Table  2.  The  gaseous  reactants  and  product 
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Table  1 . Gas-Phase  Characteristic  Times,  and  Ratios  of 
Surface  Rates  to  Gas-Phase  Rates,  for  Strato- 
spheric Reactions  of  Interest 


Gas-Phase 


Reactants 

Products 

r,  sec 

hlh. 

n2o5,  h2o 

2 HNOj 

>107 

>103 

no2,o3 

no3,o2 

= 10s 

*10 

ch3o2,  no 

ch3o,  no2 

= 104 

*1 

0 

A 

O 

2 02 

2 X tO6 

200 

NO,  O3 

no2,o2 

O 

a 

*10 

molecules  are  given  in  columns  2 and  3,  respec- 
tively. In  all  cases,  the  gas-phase  reaction  rate  is 
far  greater  than  that  for  the  surface  reaction, 
even  considering  unit  reaction  efficiency  upon 
collision.  At  first  glance,  this  might  be  used  as 
evidence  to  discount  the  role  of  aerosol  surfaces 
in  affecting  the  reactions  involving  free  radicals. 
However,  this  conclusion  must  be  modified  for 
those  cases  in  which  a cyclic  gas-phase  reaction 
consumes  a free  radical,  but  leads  to  its  regenera- 
tion in  a related  subsequent  step.  In  such 
situations,  the  aerosol  surface  could  possibly  play 
a role  in  terminating  the  reactant,  and  thereby 
have  an  appreciable  effect  on  the  gas-phase 
“catalytic”  cycle  as  well. 

Adsorption  of  Trace  Species 

Another  surface  process  to  be  considered  is 
that  of  the  adsorption  of  trace  species.  In  all 
upper-atmosphere  situations  very  small  concen- 
trations of  the  species  of  interest  are  involved, 


and  it  is  doubtful  that  their  concentration  on 
surfaces  could  ever  approach  a significant  frac- 
tion of  a monolayer,  say,  much  less  several 
monolayers.  An  exception  might  be  the  case  of 
SOj,  which  could  perhaps  become  adsorbed  on 
surfaces  prior  to  its  reaction  to  form  H2SO4. 
(This  is  considered  to  be  in  the  domain  of  the 
subject  area  covered  in  the  next  section.) 

As  for  the  other  species,  their  maximum 
potential  concentration  on  surfaces  can  then  be 
calculated  by  assuming  a monolayer  coverage  on 
existing  aerosols.  The  various  distributions 
observed  allow  an  approximate  surface  area  per 
unit  volume  to  be  calculated.  Subsequent  calcula- 
tions suggest  that  aerosol  surfaces  can  retain 
no  more  than  about  107  molec  cm-3  of  non- 
condensables. 

FORMATION  OF  SULFATE  AEROSOLS 
IN  THE  STRATOSPHERE 

Sulfur  compounds  are  known  to  be  an 
important  constituent  of  atmospheric  aerosols, 
but  the  basic  chemical  conversion  and  aerosol- 
formation  mechanisms  are  not  well  established. 
Under  some  conditions  reactions  may  occur  on 
surfaces,  in  which  case  the  sulfate  products  serve 
only  to  modify  the  size  distribution  of  the 
pre-existing  particles.  In  other  situations,  the 
aerosol  formation  may  be  initiated  by  homo- 
geneous gas-phase  reactions;  attendant  clustering 
reactions  may  subsequently  lead  to  nucleation 
and,  therefore,  the  formation  of  new  particles. 

New  sulfuric  acid  particle  formation  may 
then  be  viewed  as  being  comprised  of  three 
primary  steps: 


Table  2.  Maximum  Rj/R^  for  the  Important  Atoms  and  F ree  Radicals  in  the  Stratosphere  at  20  km 


Atoms  or 

Free  Radicals 

Gaseous 

Reactants 

Products 

Gas-Phase 

r,  sec 

Rs/Rg 

HOj- 

o3 

oh-,o2 

530 

5.3  x 102 

OH- 

ho2-,o2 

10 

1 X 10'3 

CHjO- 

°2 

ch2o-.ho2- 

0.16 

1.6  X 10’ 5 

Cl- 

°3 

no-,o2 

1 X 10‘2 

1 x HV6 

O- 

°2 

°3 

2.5  X 10'3 

2.5  X I0-7 

CH3. 

o2 

ch3o2- 

5.8  X I0'4 

5.8  X 10  8 

H- 

o2 

ho2- 

1.7  X 10  6 

1.7  X 10- 10 
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— oxidation  of  SO2 

— reaction  of  SO3  with  water  to  form 
H2S04 

— clustering  of  H2SO4  and  H20  molecules 
to  form  prenucleation  embryos,  fol- 
lowed by  the  heteromolecular  nuclea- 
tion  process 

We  present  here  the  results  of  our  recent  studies 
on  each  of  these  aspects  of  the  formation 
process. 

Oxidation  of  SO 2 

In  earlier  studies  (Wood  et  al.,  1975;  Castle- 
man  et  al.,  1976)  we  showed  that  the  hydroxyl 
radical  was  an  important  reactant  responsible  for 
the  oxidation  of  S02.  Appropriate  steady-state 
photolysis  experiments  were  performed  in  our 
laboratory  to  measure  the  rate  constants  for  the 
following: 

oh  + so2  HS03*  (1) 

klr 

k2 

HSOj*  + M -*•  HSOj  + M (2) 

The  overall  reaction  is  given  by 
k 3 

SO2+OH+M-+  HSO3  + M , (3) 

where  M is  a third  body.  The  third-order  rate 
constant,  k3,  is  given  by 

k,k2 

3 klr  + k2  [M] 

Experiments  were  carried  out  over  the  pressure 
range  20  to  1000  torr  and  the  temperature  range 
-20°  to  24°C.  A plot  of  k3" 1 versus  pressure  was 
found  to  be  linear  in  accordance  with  the  above 
relationship. 

A least-squares  analysis  of  the  data  obtained 
at  24°C  gave  7.1  X 10'13  cm3  molec'1  sec1  for 
k[.  The  ratio  of  k|k2/kjr  is  1.6  X I0'31  cm6 
molec"3  sec'1 . The  effective  bimolecular  rate 
constant  measured  at  760  torr  and  24°C  with  N2 
as  the  third  body  is  6.0  X 10'13  cm3  molec'1 


sec'1 ; this  is  in  exact  agreement  with  the  value 
recently  reported  by  Cox  (1974/5). 

Temperature  studies  yielded  an  activation 
energy  of  -2.8  kcal/mole  for  the  termolecular 
reaction  (3).  A value  of  1 .7  X 10'1 2 cm3  molec1 
sec'1  is  obtained  as  the  effective  bimolecular  rate 
constant,  k3  [M] , for  the  stratospheric  condi- 
tions (220°K  at  15  km  elevation)  to  be  used  in 
later  calculations. 

Reactions  of  NO  2 with  SO  2 

Because  of  interest  in  both  the  NOx  and  the 
sulfur  cycles  in  the  atmosphere,  the  possibility  of 
coupling  between  these  cycles  was  examined  in 
exploratory  experiments  for  the  (N02  + S02  + 
H20)  system.  These  experiments  were  performed 
in  a 14-liter  glass  reaction  vessel  which  could  be 
cooled  to  stratospheric  temperatures  (-50°C)  by 
a methanol  bath.  A Pyrex  window  allowed 
irradiation  of  the  flowing  reactant,  and  aerosol 
formation  was  monitored  by  a condensation- 
nuclei  counter. 

In  the  dark,  no  aerosol  formation  was 
observed.  Irradiation  of  N02  in  nitrogen  carrier 
gas,  and  of  N02  + H20  in  carrier,  also  gave  no 
product.  Irradiation  of  S02  in  carrier  at  high 
relative  humidity  did  produce  some  aerosols. 
Addition  of  N02  (under  the  same  conditions) 
considerably  enhanced  the  aerosol  formation. 
For  another  series  of  photochemical  experi- 
ments. the  effect  of  individual  constituents  upon 
aerosol  production  was  investigated  by  maintain- 
ing a constant  concentration  of  one  of  the 
constituents  (either  S02  or  N02)  and  observing 
the  aerosol  production  as  a function  of  addition 
of  the  other  reactant.  A plot  of  aerosol  concen- 
tration versus  S02  addition  at  constant  N02 
(14  ppm)  was  found  to  be  essentially  linear 
above  2 ppm.  Other  experiments  were  made  in 
which  the  S02  was  held  constant  at  15  ppm  and 
the  aerosol  concentration  monitored  as  a func- 
tion of  N02  addition.  These  data  showed  aerosol 
formation  to  result  at  concentrations  above 
1 ppm  N02,  and  to  be  independent  of  the  N02 
concentration  at  values  above  9 ppm. 

These  results  are  consistent  with  either  of 
two  mechanisms:  the  S02  becomes  photoexcited 
and  reacts  with  N02  to  form  an  aerosol,  or  N02 
is  photodissociated  and  the  O atom  reacts  com- 
petitively with  N02  and  with  S02  to  form  S03. 
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In  order  to  elucidate  the  mechanism,  aerosol 
formation  was  studied  as  a function  of  irradia- 
tion wavelength  and  intensity.  Glass  cut-off 
filters  were  used  to  establish  that  wavelengths 
less  than  380  nm  were  responsible  for  the  par- 
ticle production.  Aerosol  number  did  not  in- 
crease linearly  with  light  intensity.  Rather,  the 
percentage  increase  of  number  concentration 
diminished  as  the  intensity  was  raised. 

The  wavelength  dependence  of  the  aerosol 
formation  indicates  that  photodissociation  of 
N02  to  NO  + O could  be  an  important  process  in 
the  enhancement  of  S02  oxidation  by  N02.  In 
other  experiments,  either  oxygen  or  NO  was 
added  in  order  to  scavenge  the  O atoms.  Addi- 
tion of  either  reactant  at  the  part-per-thousand 
level  reduced  the  observed  aerosol  formation, 
suggesting  that  O atoms  play  a role  in  a homo- 
geneous gas-phase  initiating  process. 

Efforts  to  sample  the  aerosol  product  with  a 
thermal  precipitator  were  unsuccessful.  However, 
some  sampling  was  successfully  implemented  by 
placing  grids  directly  in  the  product  stream.  The 
collected  material  was  examined  by  electron 
microscopy,  and  a small  number  of  particles 
=s  1 pm  in  size  were  observed.  This  material  was 
unstable  to  the  electron  beam  and  behaved  as  if 
it  were  liquid.  In  addition,  shadowing  of  the  grids 
showed  that  the  surface  had  a uniform  covering 
of  material  50  nm  in  diameter.  The  collected 
material  has  not  yet  been  definitely  characterized 
and  analyzed. 

A second  measure  of  the  aerosol  size  was 
obtained  using  a Sinclair  (described  in  Sinclair, 
1972)  portable  diffusion  battery.  This  instru- 
ment consists  of  several  stainless-steel  discs  of 
varied  thickness  mounted  in  series.  Each  disc 
contains  several  thousand  accurately  sized  and 
collimated  holes;  as  the  sample  flows  through 
this  assembly,  particles  are  deposited  according 
to  size  on  the  walls  of  the  holes.  Sinclair  has 
calculated  the  loss  of  particles  as  a function  of 
distance  along  the  assembly  for  particles  of 
different  sizes.  The  data  obtained  in  the  present 
study  indicated  that  all  the  aerosol  particles  were 
under  30  nm  and  most  were  under  20  nm  in 
diameter. 

The  Reaction  of  Water  with  SOj 

Following  the  gas-phase  oxidation  of  S02  to 
SOj,  two  alternate  reaction  channels  are  envi- 


sioned for  the  conversion  of  S03  to  H2S04:  one 
involves  a direct  gas-phase  reaction  with  H20, 
and  the  other  involves  a surface  reaction  as  S03 
is  scavenged  by  a pre-existing  aerosol  particle. 
The  former  process  has  the  potential  for  new 
particle  formation,  while  the  latter  would  merely 
serve  to  alter  the  size  spectrum  of  the  pre-existing 
aerosol  distribution.  An  assessment  of  the  impor- 
tance of  these  competing  processes  depends 
upon  knowledge  of  the  gas-phase  reaction  rate, 
and  we  have  undertaken  the  necessary  measure- 
ments to  fulfill  this  need. 

The  reaction  rate  of  the  homogeneous  gas- 
phase  reaction 

H20  + S03  ^ H2S04 

(or  analogous  adducts), 

where  M is  a third  body,  has  been  measured  by 
fast-flow  techniques.  Details  of  the  apparatus  as 
well  as  the  investigation  have  been  published 
previously  (Castleman  et  al.,  1976).  At  a total 
pressure  of  1.3  Torr  and  a temperature  of  300K, 
and  with  N2  as  the  carrier  gas,  the  value  obtained 
for  the  pseudo-bimolecular  rate  constant  is 
(9.1  ± 2.0)  X 10'1 3 cm3  moler1  sec'1. 

The  observed  rate  for  the  reaction  of  S03 
and  H20  is  surprisingly  fast.  If  the  reaction  were 
termolecular  at  1.3  torr,  the  apparent  three- 
body  rate  constant  would  be  2.2  X lCh29  cm6 
molec'2  sec1.  This  is  much  faster  than  would  be 
expected,  since  the  formation  of  H2S04  would 
be  likely  to  proceed  via  a four-center  inter- 
mediate complex.  However,  the  reproducibility 
of  the  data,  and  the  correspondences  obtained  by 
varying  several  different  experimental  param- 
eters, indicated  that  the  reaction  was  taking  place 
in  the  gas  phase.  (It  has  been  suggested  that  the 
observed  reaction  product  (m/e  = 98)  may  not 
be  molecular  H2S04  but  an  adduct  H2OS03. 
Definitive  proof  of  this  possibility  must  await  a 
detailed  structural  study,  but  indirect  evidence 
for  the  existence  of  an  adduct  with  a small 
binding  energy  has  been  obtained  and  will  be 
reported  elsewhere.) 

Subsequently,  preliminary  experiments  were 
performed  and  acid-water  clusters  were  observed. 
These  clusters  are  expected  to  serve  as  the  pre- 
nucleation  embryos  in  the  heteromolecular 
nucleation  (Castleman,  1974)  of  the  gas-phase 
molecules  to  sulfuric-acid  aerosols. 
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Formation  of  H 2SO 4 Aerosols 

If  the  SO3  molecules  formed  from  S02 
oxidation  were  totally  scavenged  by  pre-existing 
particles  before  reacting  with  H20  to  form 
H2S04,  there  would  be  no  possibility  that  new 
particles  could  be  formed  from  the  hetero- 
molecular  nucleation  of  sulfuric  acid  in  a moist 
environment.  Consequently,  the  oxidation  of 

502  in  the  atmosphere  would  serve  only  to 
modify  the  size  spectra  already  existing.  Alter- 
natively, if  the  rate  of  reaction  with  water  vapor 
is  faster  than  the  maximum  rate  of  scavenging  by 
particles,  H2S04  molecules  will  form  and  there  is 
a potential  for  the  nucleation  of  sulfuric-acid 
aerosols. 

If  complete  accommodation  of  the  mole- 
cules colliding  with  a surface  is  assumed,  the 
maximum  SO3  removal  rate  by  existing  particles 
may  be  estimated  from  the  collision  frequency. 
Likewise,  the  reaction  rate  given  for  SO3  and 
water  vapor  may  be  used  to  assess  the  rate  of 

503  consumption  by  direct  reaction  to  H2S04. 
Utilizing  our  data,  we  estimate  the  ratio  of  the 
gas-phase  to  the  particle-removal  processes  to  be 
1.5  X 10s  under  stratospheric  conditions. 

With  our  recent  results  for  the  oxidation  of 
S02  via  OH,  the  possibility  of  the  heteromolec- 
ular  nucleation  of  H2S04  being  an  important 
process  in  the  stratosphere  can  be  assessed.  In 
setting  up  the  steady-state  model  for  the  strato- 
sphere, the  S02  concentration  was  taken  as 
1 ppb  and  [OH]  as  106  molec  cm"3.  Particle 
scavenging  was  assumed  to  be  the  only  removal 
process  for  gaseous  H2S04.  This  leads  to  a 
steady-state  H2S04  partial  pressure  of  2.3  X 
10"9  torr. 

The  theory  of  heteromolecular  nucleation 
is  not  sufficiently  advanced  to  permit  quanti- 
tative consideration  of  the  nucleation  of 
H2S04  - H20  solutions.  Nevertheless,  the  likeli- 
hood of  particle  formation  can  be  preliminarily 
assessed  from  a knowledge  of  the  supersaturation 
ratio  of  the  vapor  species,  compared  to  that  for 
the  stable  condensed  phase.  In  almost  all  cases, 
nucleation  occurs  for  supersaturations  in  the 
range  5-7,  and  rarely  do  supersaturation  ratios 
exceed  20;  at  such  high  values,  nucleation  to  the 
condensed  phase  always  results. 

Experimentally  determined  vapor  pressures 
over  aqueous  solutions  of  sulfuric  acid  are  not 


available  for  the  temperature  and  composition 
range  of  stratospheric  interest.  The  calculations 
by  Vermeulen  and  Gmitro  (Gmitro  and  Vermeu- 
len,  1964)  are  probably  the  most  extensive 
source  of  extrapolated  data  currently  available, 
and  have  been  employed  in  making  the  following 
estimates.  If  a typical  stratospheric  temperature 
of  -50°C  is  taken,  a 70%  H2S04  solution  is  in 
equilibrium  with  a partial  pressure  of 
5.02  X 10"14  torr  H2S04,  and  8.16  X10"4  torr 
H20.  The  latter  represents  a mixing  ratio  of 
6X  10"6  for  H20,  which  is  slightly  higher  than 
the  accepted  1-3  ppm. 

On  the  basis  of  the  above  analyses,  the 
supersaturation  value  is  greater  than  iO4  and  it 
is  likely  that  nucleation  of  H2S04  will  occur  in 
the  stratosphere,  thereby  contributing  to  the 
production  of  new  sulfuric-acid  aerosols.  Note 
that  here  the  value  of  the  supersaturation  has 
been  calculated  with  respect  to  the  stable  con- 
densed phase,  and  the  scavenging  of  the  acid 
molecules  by  pre-existing  particles  has  already 
been  taken  into  consideration.  Clearly  the  esti- 
mates must  be  refined  as  the  development  of  the 
molecular  theory  of  nucleation  progresses. 
Furthermore,  the  possibility  that  the  newly 
formed  Aitken-size  particles  might  coagulate 
with  the  pre-existing  atmospheric  aerosols  must 
be  considered  in  assessing  specific  situations. 

CONCLUSIONS 

The  results  of  our  assessment  of  the  impdr- 
tance  of  heterogeneous  chemistry  to  strato- 
spheric processes  indicate  that  the  following 
items  warrant  attention  in  laboratory  studies: 

— the  rate  of  formation  of  HC1  from  the 
NaCl  - H2S04  reaction. 

— the  rate  of  HNO3  formation  from  N2Oj 
and  H20  contained  in  sulfuric-acid 
aerosols. 

— the  potential  for  the  catalytic  destruc- 
tion of  O3  on  pre-existing  metal-oxide 
surfaces. 

— the  termination  reactions  of  the  free 
radicals  H02,  OH,  and  Cl  on  aerosol 
surfaces. 

— the  role  of  HNO3  vapor  in  promoting 
the  nucleation  of  the  ternary  system 
involving  H2S04  and  H20,  and  the 
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related  possibility  that  such  ternary 
solutions  partially  contribute  to  a limi- 
tation of  the  vapor-phase  concentration 
of  HNOj. 

the  oxidation  of  SO?  by  oxidants  ad- 
sorbed on  particle  surfaces. 
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ABSTRACT:  The  available  mechanisms  for  particle  initiation  and  growth  in  the  stratosphere  are 
reviewed,  and  the  possible  roles  of  ions  in  these  mechanisms  are  examined.  It  is  concluded  that  the 
average  ion  population  does  not  significantly  influence  aerosol  formation  processes  in  the  unperturbed 
stratosphere. 


AEROSOL  INITIATION 

Aerosol  can  be  introduced  into  the  strato- 
sphere (1)  by  direct  transport  from  the  tropo- 
sphere (including  volcanic  injection),  (2)  as  a 
result  of  downward  flux  of  meteoritic  material, 
or  (3)  by  gas-to-particle  conversion  processes 
occurring  in  the  stratosphere.  The  most  widely 
accepted  explanation  for  the  existence  of  a 
sulfate  particle  layer  in  the  stratosphere  (“Junge 
layer”)  is  that  most  of  the  sulfate  is  produced  in 
situ  by  the  oxidation  of  sulfur  dioxide  into 
sulfuric  acid,  which  then  undergoes  a phase 
transition  to  yield  sulfuric-acid  droplets*  It  is 
believed  today  that  gaseous  sulfur  compounds 
(mainly  sulfur  dioxide)  reach  the  lower  strato- 
sphere both  by  continual  diffusional  transport 
and  by  sporadic,  direct  volcanic  injections.  There 
is,  fuithermore,  very  good  evidence  indicating 
that  the  variability  in  the  sulfate  concentration  in 
the  lower  stratosphere  is  due  to  volcanic  activity. 
The  principal  initiating  reaction  responsible  for 
sulfur  dioxide’s  eventual  oxidation  to  sulfuric 
acid  in  the  stratosphere  is  thought  to  be: 

S02  + OH  + M ^ HS03  + M 

with  k = (2  to  5)  X 10'31  cm6  sec  1 

(Davis  and  Klauber,  1975;  Castleman,  1974). 
Other  initiating  reactions  involving  0(3P), 
02('A),  H02,  NH3,  CH302,  direct  photooxida- 
tion, etc.  have  been  dismissed  since  they  do 
not  significantly  contribute  to  sulfuric-acid 
formation. 

The  subsequent  steps  HS03  -*  H2S04  have 
not  been  identified  and  established  yet  and,  until 


proven  otherwise,  the  initiating  step  S02  + OH  is 
assumed  to  be  rate-determining  for  the  formation 
of  surfuric  acid. 

The  gas-to-particle  conversion  process  (phase 
transition)  for  sulfuric  acid  can  be  initiated  via 
two  main  mechanisms: 

1.  Homogeneous,  heteromolecular  nuclea- 

tion 

— as  binary  system  H2S04  + H20 

— as  ternary  or  multicomponent 
system  such  as  H2S04  + HN03  + 
H20 

— as  “ion  nucleation” 

2.  Heterogeneous,  heteromolecular  nuclea- 
tion 

— on  the  surface  of  preexisting  “sul- 
fate particles”  (radius  > 0.1  pm) 

— on  the  surface  of  preexisting  Aitken 
particles  (radius  > 500  nm) 

— on  the  “surface”  of  ions  (ion 
growth). 

Further  growth  into  the  particle  size  range 
typically  found  in  the  “Junge  layer”  (0.1  < R< 
1 pm)  occurs  via  heteromolecular  condensation. 
The  relative  importance  of  these  two  conversion 
processes  cannot  be  established  with  certainty  at 
present  from  experimental  data  gathered  in  the 
stratosphere  or  deduced  from  laboratory 
experiments. 

Various  models  have  been  developed  which 
focus  on  one  or  several  critical  physical  and/or 
chemical  processes  in  an  attempt  to  explain 
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measurements. 

Harker  profiles 

Chemistry  of  the  stratosphere  has  reached  steady 
state.  Sulfur  dioxide  mixing  ratio  fixed  at  0.2  ppbv  and 
[S02 1 / 1 SO4 ) = 3.3  at  the  tropopause.  Three  different 
vertical  profiles  are  used  (all  within  the  range 
indicated  in  Figure  2). 

Case  1:  tropopause  fixed  at  15  km  (Kz  from  Wofsy 
and  McElroy) 

Case  2:  tropopause  fixed  at  10  km  (Kz  from 
Chang) 

Case  3:  tropopause  fixed  at  10  km  (Kz  from  Hays 
and  Olivero) 

Sources: 

A.B.  Harker  (1975),  J.  Geophys.  Res.  80.  3399. 

).  Chang  ( 1 974),  in  Proceedings  of  the  Third  Conference 
on  CIAP.  Dept,  of  Transportation,  DOl-LSC- 
OST-75-14,  330-341. 

P.B.  Hays  and  J.J  Olivero  (1970).  Planet.  Space  Sci.  18, 
1729. 

S.C.  Wofsy  and  M B.  McElroy  (1973),  J.  Geophys.  Res. 
78,  2619. 

Harrison  and  Larson  profile 

Sulfur  dioxide  mixing  ratio  fixed  at  1 ppbv  and 
ISO4I  = 0 at  the  tropopause.  Tropopause  fixed  at 
tS  km,  Kz  constant  (5000  cm2  s ')  above  tropopause. 
Specifies  3 X 108  molecules  cm'2  s'1  upward  flux  of 
SOj  through  tropopause. 

Source: 

H.  Harrison  and  T.  Larson  (1974),  J.  Geophys.  Res.  79, 
3095-3097. 

Lazrus  and  Gandrud  measurements 

Aircraft  measurements  of  sulfate  concentrations 
for  spring  1971.  Bars  indicate  the  approximate  range  of 
S04  at  15,  17,  and  19  km  altitudes  (25°  65°  latitude). 


Source: 

A.L.  fazrus  and  B.W.  Gandrud  (1973),  "Progress 
Report  on  Systematic  Study  of  Stratospheric 
Aerosol,”  NCAR,  Boulder,  CO. 


It  should  be  noted  that  both  of  the  models  imply  a 
ga3 1~  particle  conversion  process: 

(M)  ? 

S02+OH  -*  HSO3  -*■  HjS04  (gas) 

O 

S04  (aerosol) 

They  do  not.  however,  specify  the  aerosol-formation 
process  itself. 

experimentally  well-established  features  of  the 
stratospheric  sulfate  layer.  For  example: 

- One-dimensional  diffusion  models  com- 
bined with  gas-phase  chemical  kinetics 
but  disregarding  phase-transition  proc- 
esses (Harrison  and  Larson,  1974  and 
Harker,  1975). 

— Homogeneous  and  heterogeneous  nucle- 
ation  and  condensation  models  com- 
bined with  limited  chemical  kinetics  but 
disregarding  transport  processes  (Kiang 
et  al.,  1973;  Stauffer  et  al.,  1973;  Yue 
et  al.,  1975;  Hofmann  et  al..  1975). 

Both  types  of  models  in  turn  rely  heavily 
upon  stratospheric  chemical-modeling  efforts 
that  predict  the  concentration  of  trace  constitu- 
ents such  as  OH.  Furthermore,  crucial  assump- 
tions have  to  be  made  in  both  types  of  model  as 
to  physical  and  chemical  state  of  the  atmosphere. 

Figure  1 shows  the  results  from  diffusion 
models  and  their  sensitivity  to  changes  of  bound- 
ary conditions  (tropopause  height,  concentration 
of  sulfur  compounds  near  the  tropopause,  etc.) 
and  vertical  eddy-diffusion  profiles  (see  Figure 
2).  Also  included  in  Figure  I is  the  approximate 
range  of  stratospheric  sulfate  measurements  as 
reported  by  Lazrus  and  Gandrud  (1973)  for 
spring  1971.  Through  changing  those  uncertain 
atmospheric  parameters,  the  model  can  be 
“adjusted”  to  agree  with  experimental  observa- 
tions. The  models  predict  steady-state  maximum 
sulfate  concentrations  of  0.08  to  0.27  pg  nr3 
(ambient)  or,  more  accurately,  the  predictions 
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Figure  2.  Range  of  vertical  diffusion  coefficients 
used  in  models.  Horizontal  bars  indicate 
the  range  of  Kr 

Sources: 

J.  Chang  (1974),  in  Proceedings  of  the  Third  Conference 
on  CIAP.  Dept,  of  Transportation,  DOT-TSC- 
OST-74-15,  330-341. 

P.J.  Crutzen  (1974),  Can.  J.  Chem.  52,  1569-1581. 

E.  Hesstvedt  (1974),  Can.  J.  Chem.  52,  1592-1598. 

D.M.  Hunten  (1974),  quoted  in  A.J.  Grobecker,  S.C. 
Coroniti,  and  R.H.  Cannon,  Jr.  (1974).  Report  of 
Findings:  The  Effects  of  Stratospheric  Pollution  by 
Aircraft,  Climatic  Impact  Assessment  Program, 
U.S.  Dept,  of  Transportation,  DOT-TST-75-50. 

T.  Shimazaki  and  T.  Ogawa  (1974),  J.  Geophys.  Res. 
79,  341  1-3423. 

R.W.  Stewart  and  M.I.  Hoffert  (1975),  J.  Atmos.  Sci. 
32,  195-210. 

R. C.  Whitten  and  R.P.  Turco  (1974),  AIAA  J.  12, 

1110-1117. 

S. C.  Wofsy  and  M.B.  McElroy  (1973),  J.  Geophys.  Res. 

78,  2610-2624. 

are  for  sulfuric  acid  concentrations  of  5.1  X 107 
molecules  cm'3  (at  18  km),  1.8  X 108  molecules 
cm'3  (at  12  km).  2.2  X |08  molecules  cm'3  (at 
12  km),  and  1.9  X I08  molecules  cm'3  (at 

17.5  km).  These  sulfuric-acid  molecules  are 
assumed  (without  specifying  the  conversion  proc- 
ess) to  be  converted  immediately  into  the  con- 
densed phase. 

Some  basic  results  of  model  calculations 
dealing  with  gas-to-particle  conversion  processes 


are  shown  in  Figure  3.  There  are  several  crucial 
assumptions  in  these  model  calculations  which 
have  not  yet  been  fully  verified  by  laboratory 
measurements.  They  all  influence  the  rate  of 
formation  of  new  particles  - for  example,  vapor 
pressure  over  binary  or  ternary  solutions,  or 
surface  tension  of  embryonic  droplets.  However, 
order-of-magnitude  estimates  can  be  made,  and, 
in  conjunction  with  sensitivity  tests,  a confidence 
limit  for  the  accuracy  of  predictions  can  be  set 
(Kiang  et  al.,  1975).  In  general,  those  model 
predictions  eliminate  the  “classical”  binary 
phase-transition  process  of  H2S04  + H20.as  a 
mechanism  responsible  for  aerosol  formation. 
The  critical  sulfuric  acid  concentration  required 
for  homogeneous  binary  nucleation  would  be  of 
the  order  of  3.7  X I08  molecules  cm'3.  This 
concentration  is  higher  than  the  maximum  con- 
centration attainable  in  the  stratosphere  under 
steady-state  conditions,  as  predicted  by  diffusion 
models.  Underlying  these  models  is  the  assump- 
tion that  the  vapor  pressure  over  pure  sulfuric 
acid  solution  is  10'6  Torr  (at  25°C),  one  of  the 
lowest  reported  in  the  literature.  Conditions  for 
nucleation  will  be  even  less  favorable  for  higher 
vapor  pressures.  More  likely,  the  H2S04  mole- 
cules will  condense  on  preexisting  particles  as 
indicated  in  Figure  3.  Even  if  the  available  total 
surface  area  per  cubic  centimeter  decreases  from 

4.5  X 10'8  cm2  cm'3  (Castleman  et  al.,  1975)  to 

4.5  X 10'9  cm2  cm'3  (corresponding  to  0.03  pg 
m'3),  homogeneous  binary  nucleation  doesn’t 
play  a dominant  role.  Another  aerosol  formation 
mechanism  is  suggested  by  the  fact  that  some  of 
the  preexisting  stratospheric  aerosol  comes  from 
extraterrestrial  sources.  Newkirk  and  Eddy 
(1964)  have  estimated  the  relative  concentration 
of  meteoritic  debris  in  aerosols  (at  20  km)  and 
concluded  that,  over  a size  range  of  0.1  to  2 pm 
radius,  it  represents  less  than  10%.  A completely 
“particle-free”  (R  > 0.1  pm)  stratosphere  is 
therefore  an  unreasonable  assumption. 

Most  likely,  however,  the  gas-to-particle  con- 
version will  occur  via  ternary  nucleation  involv- 
ing H2S04  + HNO3  + H20.  This  process  assumes 
that  an  * 70%  H2S04  + *=  10%  HN03  + 55  20% 
H20  solution  constitutes  an  optimum  mixture 
for  which  the  total  vapor  pressure  of  droplets  is 
drastically  reduced.  If  the  estimated  thermo- 
dynamic parameters  entering  the  ternary  system 
(vapor-pressure  and  surface-tension  data)  are 
correct,  then  this  aerosol  formation  mechanism 
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H2S04  + HNOj  + H,0  curve 

All  parameters  are  the  same  as  in  the  binary 
system.  Critical  composition  of  stable  embryonic  drop- 
let is  75%  H2S04,  10%  HNO3.  20%  H20.  Under  those 
conditions,  the  partial  vapor  pressures  for  this  ternary 
system  are  estimated  to  be  10'13,  10'9.  and  10'7  Torr 
respectively.  The  minimum  concentration  of  H2S04 
required  for  this  ternary  homogeneous  nucleation  proc- 
ess is  of  the  order  of  2 x 105  molecules  cm'3  (for  1% 
relative  humidity).  For  further  details  see  “The  Inter- 
action of  Atmospheric  Sulfur  Compounds  with  Cloud 
and  Precipitation  Elements”  cited  above. 

Particles 

It  is  assumed  that  the  preexisting  “Junge  layer" 
contains  0.3  Mg  m'3  of  particulate  matter  with  an 
average  size  of  R = 0.1  uni,  a particle  density  of  p - 2 g 
cm'3,  and  a total  number  concentration  of  around 
40  cm'3.  This  leads  to  a total  surface  area  per  unit 
volume  of  A = 4.5  X 10'8  cm*  cm'3.  Deposition  of 
H2S04  molecules  on  these  preexisting  partic'-s  (“con- 
densation”) is  proportional  to  the  surface  area  (this 
condition  is  fulfilled  for  all  particles  with  R < 0.3  pm). 
The  sticking  coefficient  is  assumed  to  be  one.  The 
characteristic  time  is  then  defined  by 


F igure  3.  Characteristic  times  for  binary  and  ternary 
nucleation  and  for  heterogeneous  conden- 
sation on  preexisting  particles  as  function 
of  relative  humidity.  (Temperature,  -55°C; 
altitude.  $20  km.) 


H2S04  + H20  curve 


Equilibrium  water-vapor  pressure,  3 X 10'2  Torr; 
actual  water-vapor  mixing  ratio,  3.5  ppmv.  Rate  of  for- 
mation of  H2S04  from  S02: 


d|S02| 

— — = k-(S02l  |OH|  [M| 


d|H2S04| 

dt 


Tparticle  * \ 2™  ) * A 

where 

k:  Boltzmann  constant 
T:  absolute  temperature 

m:  mass  of  impinging  gas  molecule,  here  H2S04 

A = x 10'8  cm2  cm'3 
Rp 

x:  particulate  matter  concentration  in  pg  m 3 

p:  density  in  g cm'3 
R.  particle  radius  in  micrometers 

(Note  that  Tpartic|e  * A'1.  so  a ten,°ld  decrease  in 
specific  surface  area  will  result  in  a tenfold  increase  in 
characteristic  time.)  (For  further  information,  see  the 
report  cited  above.) 


ISO,)  $ 0.2  ppbv;  [OH)  = 6 X 10s  cm'3;  k=3x 
1 0'3 * cm6  s'*;  [ M | = 1.85  x 10*®  cm'3.  Therefore, 
production  rate  for  H2S04  is  cB  * 125  molecules  cm'3. 
Composition  of  stable  embryonic  droplet  « 80% 
H2S04,  * 20%  H20.  Critical  size  of  stable  embryo: 
60-70  nm.  Vapor  pressure  of  H2S04  over  pure  solution 
10'6  Torr.  H2S04  gas-phase  concentration  required  for 
the  binary  nucleation  process  to  occur  is  * 3.7  x 108 
molecules  cm'3  (at  1%  relative  humidify,  decreasing 
with  increasing  relative  humidity).  For  further  details, 
see  G.K.  Yue,  C.S.  Kiang,  V.A.  Mohnen,  and  E. 
Danielsen  (1975),  “The  Interaction  of  Atmospheric 
Sulfur  Compounds  with  Cloud  and  Precipitation  Ele- 
ments,” interim  report  to  NSF,  Atmospheric  Sciences 
Research  Center  Pub.  No.  365,  State  liniv.  of  N.Y., 
Albany,  NY. 


Definition  of  characteristic  time: 

Minimum  H2S04  concentration 
required  for  homogeneous 
_ nucleation 

rnucleation  ‘ Production  rate  ofH2S04 

would  be  favored  against  any  other  process  put 
forth  to  date.  Current  information  seems  to 
indicate  sufficiently  high  HNO3  and  H->0  con- 
centrations in  the  stratosphere.  The  critical  con- 
centration of  H2S04  required  for  this  ternary 
nucleation  process  is  less  than  I05  molecules 
cm'3.  This  rather  low  concentration  for  aerosol 
initiation  would  warrant  a constant  source  for 
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stratospheric  particles.  This  H2S04  concen- 
tration is  also  at  least  one  order  of  magnitude 
lower  than  required  by  Hofmann  et  al.  (1975) 
for  their  proposed  heterogeneous-condensation 
model.  It  involves  Aitken  nuclei  diffusing  from 
the  troposphere  into  the  stratosphere  and 
encountering  a gaseous  sulfuric  acid  layer  (106 
HiS04  molecules  cm'3  max)  between  16  and  22 
km  altitude.  Condensation  of  H,S04  on  those 
Aitken  particles  then  leads  to  particle  sizes  and 
concentration  profiles  as  found  in  the  “Junge 
layer.” 


where: 


n(+  or  -)• 

q: 

a: 

ion  concentration 
ion  formation  rate 
recombination  coefficient 

for 

my 

positive  and  negative  ions 
ion  annihilation  coefficient 

with 

my 

atmospheric  aerosol 

aerosol  size-distribution  function 

R: 

radius  of  aerosol  particles 

Zikmunda  and  Mohnen  (1972)  have  evalu- 
ated the  integral 


IONS 


The  above  attempt  to  summarize  the  current 
opinions  on  stratospheric  aerosol  formation  proc- 
esses constitutes  a necessary  prerequisite  for 
critically  assessing  the  role  of  ions  in  this 
important  aspect  of  stratospheric  chemistry.  It 
has  become  obvious  that  most  of  our  under- 
standing of  stratospheric  aerosol  formation  leans 
heavily  on  model  predictions.  Models  have  not 
yet  been  fully  validated  for  the  stratosphere,  and 
hence  contain  physical  and/or  chemical  param- 
eters that  might  be  quite  different  from  reality. 

Our  understanding  of  stratospheric  ion 
chemistry  is  incomplete;  it  is  mostly  derived 
from  laboratory  experiments  and  ionospheric 
research  work,  and  not  yet  validated  by  strato- 
spheric in-situ  measurements.  It  is  within  this 
framework  of  uncertainty  that  the  role  of  ions  in 
stratospheric  chemistry  (aerosol  formation)  is 
being  discussed  and  compared  - on  a competi- 
tive basis  - with  homogeneous  and  hetero- 
geneous reactions  of  the  electrically  neutral 
atmosphere. 

The  formation  and  nature  of  ions  of  atmo- 
spheric importance  has  been  summarized  by 
Mohnen  (1971,  1974)  and  Ferguson  (1975).  The 
evolution  and  final  composition  of  atmospheric 
ions  strongly  depend  upon  their  collisional  inter- 
action with  the  neutral  atmosphere,  and  thus 
become  a function  of  altitude  (and  temperature). 
The  equilibrium  concentration  of  ions  is  gov- 
erned by  a budget  equation: 


dn,+  or  -> 
dt 


= q - an+ 


n~ 


_n<+  -) 


0(R)  • f(R)dR 


(1) 


0(R)  • f(R)dR 


for  the  stratosphere  and  found  it  to  be  much 
smaller  than  the  ion  loss  due  to  recombination 
for  the  unperturbed  stratospheric  particle  load. 
The  ion  formation  rate  q,  derived  from  cosmic 
radiation,  is  shown  in  Figure  4. 

Typical  values  between  20  and  50  ion  pairs 
cm'3  sec'1  can  be  expected  within  the  altitude 
range  of  10-20  km,  with  a maximum  around 
12  km.  The  recombination  coefficient  is  of  the 


Figure  4.  Recent  history  of  solar  sunspot  activity, 
and  calculated  cosmic-ray-induced  ion-pair 
production  rates. 


Sources: 

R.D.  Hake,  E.T.  Pierce,  and  W.  Viezee  (1973),  "Stratos- 
pheric Electricity,”  final  rept.  on  Project  1724. 
Stanford  Research  Inst.,  Menlo  Park,  C A. 

H.V.  Neher  ( 1 97 1 ),  J.  Geophys.  Res.  76.  1637-1651. 

M.A.  Ruderman  and  J.W.  Chamberlain  (1975).  Planet. 
Space  Sci.  23,  247-268. 
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order  of  1 X 10'6  cm3  sec-1,  which  leads  to 
average  ion  equilibrium  concentrations  n = (q/o) 
exp  (1/2)  of  4400  < (q/a)  exp  ( 1 /2)  < 7000  ions 
cm'3.  Actual  measurements  in  the  stratosphere 
(summarized  by  Hake  (1973))  reveal  ion  profiles 
that  follow  the  ionization  profile  and  fall  within 
the  concentration  range  of  1000  to  at  most 
10,000  ions  cm'3.  To  assess  the  possible  role  of 
ions,  we  will  assume  two  ion  concentration 
values,  n = 1000  cm'3  and  n = 5000  cm'3,  and 
thus  cover  minimum  and  average  conditions.  The 
average  lifetime  (e'1  value)  of  ions  in  the 
stratosphere  thus  becomes  1000  s and  200  s 
respectively.  As  mentioned  earlier,  the  chemical 
composition  of  ions  depends  upon  the  gas 
composition  and  the  “reactivity”  of  these  mole- 
cules with  particular  ion  species.  The  average 
stratospheric  concentration  profiles  for  gases, 
particles  (large  particles  and  condensation  nuclei 
or  “Aitken  particles”),  and  ions  are  illustrated  in 
Figure  5.  Conceivably,  ions  can  alter  their  chemi- 
cal nature  as  they  collide  with  neutral  gas 
molecules.  From  this  emerges  the  concept  of 
initial  ions  -*•  intermediate  ions  -*■  terminal  ions. 
The  boundary  condition,  that  there  is  a limited 
average  lifetime  for  ions,  determines  the  mini- 
mum concentration  level  for  which  ion-molecule 
interactions  can  occur.  Assuming  an  ion-molecule 
reaction-rate  constant  of  5 X 10" 10  cm3  sec'1 
fixes  this  lowest  trace-gas  concentration  at  3 X 
106  molecules  cm'3  (for  a 1000-s  average  ion 
lifetime),  as  indicated  in  Figure  5.  For  a more 


detailed  consideration,  measured  reaction-rate 
constants  for  a specific  ion-molecule  process 
should  be  used.  Those  rate  constants  available  to 
date  have  been  compiled  by  Ferguson  (1975). 

Our  current  understanding  of  the  nature  of 
positive  ions  at  20  km  altitude,  as  derived  from 
measured  reaction-rate  constants  and  measured 
and/or  estimated  stratospheric  molecular  concen- 
trations (Table  1),  is  that  the  terminal  ibn  is 
predominantly  of  the  type  H30+*fH20)n  with 
n = 4 (=«  0.4%),  n = 5 («  35%),  n = 6 («  60.6%), 
and  n = 7 (4%).  One  can  expect,  due  to  the  high 
collision  frequency,  nitrogen  molecules  to  be  also 
clustered  about  these  terminal  ions.  One  of  the 
unresolved  problems  in  stratospheric  ion  chem- 
istry concerns  the  amount  of  gaseous  ammonia 
present  in  the  stratosphere,  which  is  of  interest 
because  it  reacts  via  proton  transfer  with  the 
hydronium  ion  to  form  mixed  clusters  of  the 
type  NHJ  (NH3)m-(H20)n  (this  type  of  ion 
constitutes  the  predominant  terminal-ion  core  in 
the  lower  troposphere).  If  the  ammonia  concen- 
tration in  the  stratosphere  is  below  3 X 106,  then 
no  collisional  interaction  occurs,  on  the  average. 

For  negative  ions,  the  transition  from  initial 
ions  to  terminal  ions  is  considerably  more  com- 
plicated than  that  for  positive  ions  and  involves 
almost  every  molecular  species  listed  in  Figure  5. 
The  simplified  ion  evolution  sequence  valid  in 
the  stratosphere  is  currently  thought  to  be 
(Ferguson,  1975): 
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F igure  5.  Ion  interaction  times,  and  profiles  of  atmospheric  constituents. 
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Table  1.  Average  Conditions  in  Stratosphere  (20  km  altitude) 


No.  of  Collisional  Interactions 


Trace  Gas 

Trace-Gas 
Concentration 
(molecules  cm'3) 

Characteristic  Ion 
Interaction  Time7 
(seconds) 

During  Average  Lifetime  of  Iong 

For  For 

1000  Ions  cm'3  5000  Ions  cm 

3.9  X 1017 

5 X 10'9 

2 X 10" 

4 X 10'° 

C02a 

5.9  X 1014 

2.9  X 10'6 

3.4  X 10* 

6.8  X 107 

HjOa 

1013 

2 X 104 

5 X 106. 

10s 

°3a 

2.5  X 1012 

8 X 10'4 

1.3  X 106 

2 6 X 10s 

N02a 

1.5  X 109 

0.75 

1.3  X 103 

2.6  X 102 

NOa 

5 X 10* 

4 

250 

50 

HN03a 

5 x I09 

0.4 

2.5  X 103 

500 

N2°s 

4 X 105 

500 

2 

- 

no3 

10s 

2 X !04 

- 

- 

HCla 

2 X 109 

1 

1000 

200 

CIO 

2 X 107 

100 

10 

2 

OH 

6 X 10s 

3.3  X 103 

(0.3) 

- 

o2h 

2 X 107 

100 

10 

2 

0(3P) 

3 X 10s 

6.7  x 103 

(0.15) 

- 

ch3o2 

1 X I07 

200 

5 

1 

Unknown: 

so2b 

<3.7  X 10* 

<5 

<200 

<40 

h2so4c 

>I0S  but  <10* 

<20 

<50 

<10 

NH3d 

<<3.1 09 

«1 

«1000 

«200 

Particlese 

2.5  X 103 

— 

— 

a Average  of  all  measured  values. 

h Based  on  0.2  ppbv,  as  assumed  by  Junge,  Harrison  and  Larson,  and  Marker  for  model  calculations. 

Sources:  C.E.  Junge  (1974),  in  Proceedings  of  the  International  Conference  on  Structure,  Composition  and  General  Cir- 
culation of  the  Upper  and  Lower  Atmospheres  and  Possible  Anthropogenic  Perturbations,  pub.  IAM  AP,  85-97. 

A.B.  Harker  (1975),  J.  Geophys.  Res.  80,  3399-3401 . 

H.  Harrison  and  T.  Larson  (1974),  J.  Geophys.  Res.  79,  3095-3097. 

c Based  on  an  average  total  sulfate  content  of  0.25  ug/m3  (ambient)  collected  as  aerosol. 
d Value  from  C.B.  Farmer  (1974),  Can.  J.  Chem.  52,  1544-1559. 

e Ion  annihilation  time  defined  asr  = 1/|3N,  where  0 is  the  attachment  coefficient  of  ions  to  particles  ((3  = 10  s cm3  s'1  for 
R * 0.1  wm)  and  N is  the  total  number  of  particles  (here  40  cm'3).  Source:  J.  Zikmunda  and  V.A.  Mohnen  (1972), 
Meteor.  Rundschau  25,  10-14. 

f Characteristic  interaction  time  is  defined  by  rc  = I /( | trace-gas  concentration)  X rate  constant).  A typical  ion-molecule 
rate  constant  of  5 X 10  10  cm1  sec  is  used,  It  is  assumed  that  temporary  or  permanent  attachment  of  the  trace-gas  mole- 
cule to  the  ion  occurs,  or  in  some  instances  an  ion-molecule  reaction  (see  text). 

* The  lifetime  r of  ions  is  defined  as  follows:  dn+/dt  = «n+n-,  where  n+,  n are  the  concentrations  of  positive  and  nega- 
tive ions/cm3  respectively,  and  o is  the  recombination  coefficient,  here  assumed  to  be  of  the  order  of  10'6  cm-1  s'1.  r = 
I/on.  r * 1000  s for  1000  ions  cm'3  and  * 200  s for  5000  ions  cm'3. 


485 


MOHNEN 


4 


ION  NUCLEATION 

Ion-induced  nucleation  is  a well-established 
laboratory  phenomenon  in  atmospheric  sciences, 
although  it  does  not  play  any  major  role  in  cloud 
physics  in  the  lower  part  of  the  troposphere.  Ion 
nucleation  occurs  principally  at  a supersaturation 
ratio  lower  than  is  required  for  homogeneous 
nucleation,  because  of  the  reduction  in  the 
free-energy  barrier. 

In  the  stratosphere,  ion  nucleation  can  occur 
only  via  heteromolecular  nucleation,  i.e.,  nuclea- 
tion involving  two  or  more  gaseous  components 
such  as  H2S04  + H20  or  H2S04  + HN03  + 
H20,  since  the  supersaturation  ratio  normally 
never  reaches  (or  exceeds)  3.8,  the  value  required 
for  nucleation  in  a pure  water  system. 

The  simplified  equation  describing  the  free 
energy  for  the  formation  of  embryos  in  a binary 
(or  ternary,  with  the  addition  of  items  in 
parentheses)  system  is: 

AG  = -[A)  • kT  • In 

poo 

MAI 

- [B]  • kT  • In  liil 

Poo 

MB] 

(2) 

- / [Cl  • kT  • In  ^i£I  \ 

\ Pfci  / 

, Q2 

+ 4ffr  0+  2r(l  —) 
r 

where: 

[A] , [B] , ( [C]  ):  Molecular  number  concen- 
tration; for  example,  number  of  mole- 
cules of  water,  sulfuric  acid,  (nitric  acid) 

P|  A | , P|  B | > (P|C|  )•  Actual  partial  pressure 
of  component  A,  B,  (C)  above  the 
mixture 

P[°A  | - P”b  I • (Pfc. ):  Saturation  partial  pres- 
sure of  A,  B,  (C)  above  the  mixture 

Q:  Ion  charge,  normally  one  elementary 
charge 

r:  Cluster  radius 
e:  Dielectric  constant 


A general  solution  of  this  ion-induced 
heteromolecular  nucleation  process  as  a function 
of  relative  humidity  is  not  yet  available.  How- 
ever, Castleman  and  Tang  (1972)  have  exten- 
sively studied  ion  nucleation  in  a pure  water 
system  (unimolecular),  and  some  of  their  general 
conclusions  can  be  applied  here:  The  steady- 
state  concentrations  of  ion  clusters  do  not  in- 
crease continuously  from  the  small  hydrates  up 
to  and  including  the  critical  (stable)  embryo  as 
the  supersaturation  ratio  increases.  The  existence 
of  a continuously  increasing  concentration  is  not 
a prerequisite  to  ion  clusters’  participation  in  the 
nucleation  process.  Conceivably,  the  free-energy 
barrier  for  nucleation  can  be  different  for  dif- 
ferent ion  species  irrespective  of  their  sign 
(positive  or  negative).  The  structure  and  bonding 
of  the  small  ion  clusters  are  the  physical  and 
chemical  factors  leading  to  the  different  macro- 
scopically  observable  values  of  supersaturation 
ratios  required  for  different  ions.  It  becomes 
obvious  from  the  work  of  Castleman  and  Tang 
that  the  single  term  Q/r(l-l/e)  cannot  ade- 
quately describe  binary  or  ternary  ion-nucleation 
systems,  and  is  at  the  most  suitable  for  obtaining 
order-of-magnitude  estimates. 

Keeping  these  constraints  in  mind,  Wiendl 
(1974)  has  estimated  the  AG  values  (from 
equation  2)  for  the  clustering  of  H2S04  + H20 
around  ions.  The  important  conclusion  that  can 
be  derived  from  this  study  is  that  these  cluster 
ions  (as  found  by  Castleman  (1974)  in  the 
pure-water  system)  do  not  increase  continuously 
in  size  up  to  and  including  the  stable  embryo. 
One  can  also  deduce  from  Wiendl’s  results  that 
under  stratospheric  conditions,  the  number  of 
H2S04  molecules  clustered  to  the  (positive  or 
negative)  ions  must  be  less  than  three:  Wiendl 
calculated  the  H2S04+H20  ion-cluster  distribu- 
tion for  25°C,  relative  humidity  50%,  Ptotal  = 
760  Torr,  Ph2S04  = 10'11  Torr  (actual  partial 
pressure;  the  saturation  vapor  pressure  over  pure 
H2S04  solution  was  assumed  to  be  10'6  Torr), 
and  found  that  the  most  probable  ion  cluster 
contains  two  H2S04  molecules  with  4 to  12 
water  molecules  attached  (peaking  at  nn2o  = 9). 

Kiang  and  Stauffer  (1973)  have  obtained 
order-of-magnitude  estimates  for  row-induced 
nucleation  rates  (based  on  equation  (2))  in  the 
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binary  H2S04  + H20  system  and  found  the 
minimum  H2S04  concentration  required  for  ion 
nucleation  to  be  a factor  of  ten  lower  than  that 
required  without  ions,  i.e.,  under  stratospheric 
conditions  of  the  order  of  3 X 107  molecules 
cm"3  (at  1%  relative  humidity,  decreasing  with 
increasing  relative  humidity;  see  the  text  to 
Figure  3).  When  calculating  the  characteristic 
time  for  ion-induced  binary  nucleation,  one  must 
keep  in  mind  that  it  depends  on  the  number  of 
ions  available:  Once  the  H2S04  concentration 
required  for  ion  nucleation  has  been  reached,  all 
ions  will  simultaneously  become  “stable 
embryos”  and  grow  into  larger  particles.  There- 
fore, the  total  numbet  of  stable  embryos  is 
limited  to  the  number  of  ions  present.  The  size 
of  these  critical  embryos  is  in  the  range  of  0.4  to 

0.8  nm.  Assuming  rembryo  = 0.5  nm  leads  to  a 
specific  surface  area  of  A = 3 X 10'1 1 cm2  cm'3 
for  1000  ions  cm"3  and  1.5  X 10'10  cm2  cm'3 
for  5000  ions  cm"3.  This  yields  (see  the  text  to 
Figure  3),  for  1000  ions  cm'3. 


'(2tmiH2S04  ) 


1/2 


X A"1  = 


6 X 106  s 

and  for  5000  ions  cm'3. 


rion  = 1.2X  106  s 

The  relative-humidity  dependence  of  rion  mat- 
ters because  it  affects  the  size  of  the  critical 
(stable)  ion  embryo,  but  changes  between  1 < 
r.h.  < 20%  are  not  expected  to  cause  a change  of 
more  than  one  order  of  magnitude  in  Tjon. 
Comparing  these  characteristic  times  for  ton- 
induced  nucleation  with  the  characteristic  time 
for  the  H2S04+H20  ion-free  system  (Figure  3) 
forces  us  to  the  conclusion  that  ion-induced 
nucleation  does  not  play  a dominant  role  in 
stratospheric  nucleation.  Except  at  very  low 
humidities,  it  constitutes  the  least  likely  mecha- 
nism, and  yields  orders-of-magnitude  higher  char- 
acteristic times  than  the  condensation  process  on 
preexisting  particles.  //,  under  perturbed  strato- 
spheric conditions,  the  ion  density  locally  and/or 
regionally  increased  by  more  than  one  order  of 
magnitude,  then  ions  could  compete  with  the 


homogeneous  binary  nucleation.  But  in  order  for 
ion  nucleation  to  become  the  dominant  phase- 
transition  mechanism,  a very  low  atmospheric 
total  particle  load  (less  than  10'9  cm2  cm'3) 
would  also  have  to  be  postulated. 

Whether  or  not  the  postulated  ternary  nucle- 
ation process  involving  H2S04  («  70%)  + HN03 
(*«  10%)  + H20  (=  20%)  exists  is  still  uncertain. 
Unlike  the  case  of  the  H2S04  + H20  system, 
there  are  as  yet  no  experimental  data  — from 
either  laboratory  simulation  experiments  or 
thermodynamic  data  on  vapor  pressures  - on 
this  ternary  system.  However,  as  far  as  ion 
involvement  is  concerned,  this  unresolved  prob- 
lem has  little  consequence  for  the  two  conclu- 
sions made  so  far  on  ion-induced  nucleation: 

1.  The  minimum  H2S04  concentration 
required  for  the  ternary  nucleation  is  of 
the  order  of  105  cm'3  under  strato- 
spheric conditions.  During  its  average 
lifetime  (200-1000  s),  an  ion  would 
not  collide  with  any  H2S04  molecules, 
and,  therefore,  ion  nucleation  in  the 
stratosphere  would  have  to  be  treated  as 
a unimolecular  process  involving  H20 
only  and  requiring  supersaturation 
ratios. (with  respect  to  water)  in  excess 
of  3.8.  In  principle,  for  any  ion-induced 
nucleation  process  involving  one  or 
more  molecular  species  (of  low  vola- 
tility) in  addition  to  water,  one  must 
postulate  that  the  molecular  species  is 
(are)  clustered  to  the  ion.  This  requires 
a minimum  of  concentration  of  at  least 
3 X 106  molecules  cm'3.  Should  the 
stratospheric  concentration  of  H2S04 
be  below  this  level  (as  it  would  be  if  the 
ternary  H2S04  (70%)  + HN03  (10%)  + 
H20  (20%)  system  exists,  since  the 
equilibrium  vapor  pressure  over  a 
mixed-solution  droplet  of  this  composi- 
tion is  < 10'6  Torr),  then  ion-induced 
nucleation  would  not  occur  at  all. 

2.  The  boundary  condition  for  ion  nuclea- 
tion is  that  only  as  many  stable  embryos 
can  be  formed  as  there  are  ions  present. 
This  automatically  establishes  and  limits 
the  characteristic  time  Tion  to  > 106 
seconds  for  ion  densities  normally  pres- 
ent in  the  unperturbed  stratosphere. 
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ION  GROWTH 

The  existence  of  ion  growth  is  an  experi- 
mentally well-documented  fact  in  the  lower  oart 
of  the  troposphere:  Electrical-mobility  measure- 
ments of  small  ions  seem  to  correlate  well  with 
the  "age”  of  ions;  a longer  interaction  time  with 
the  neutral  gaseous  environment  yields  lower 
mobility  values.  This  phenomenon  is,  of  course, 
easily  explainable  with  the  concept  of  ion  evolu- 
tion (Figure  5),  i.e.,  collisional  interaction  with 
various  trace  gases  of  lower  and  lower  concentra- 
tion as  the  lifetime  of  the  ion  increases  (Mohnen, 
1974).  Typical  mobility  measurements  in  the 
lower  troposphere  reveal  a broad,  continuous 
“spectrum”  peaking  around  1 .2  cm2  V'1  s'1 . The 
initial  ion  mobility  is  usually  in  excess  of  2 cm2 
V'1  s'*.  While  ion-mobility  measurements  do  not 
relate  uniquely  to  the  mass  of  ions,  they  never- 
theless are  a good  indicator  for  obtaining  some 
information  on  the  average  ion  mass.  Figure  6 
shows  these  ion-mobility  measurements  for  the 
stratosphere,  ranging  from  0.5  to  1.5  cm2  V'1  s'1 
at  20  km.  Whether  this  spread  is  real  or  exhibits 
artifacts  of  individual  instruments  is  subject  to 
some  debate.  Only  a very  few  mobility  data  are 
available  from  the  stratosphere.  If  we  assume 
that  the  terminal  stratospheric  positive  ion  is  of 
the  type  HjO^HjO),,,  with  n = 6 and  7 (at 
20  km),  we  get  a single  mobility  value  of  around 
1.75  cm2  V'1  s'1  for  stp  (Mohnen,  1974). 

A deviation  towards  lower  values  would  be 
indicative  of  molecules  clustered  to  this  core  ion. 
The  most  likely  candidate  is,  of  course,  N2. 
(Although  its  clustering  ability  is  very  low,  the 
high  collision  frequency  would  still  allow  for 
some  attachment.)  In  the  attempt  to  assess  the 
existence  and  importance  of  ion  growth  in  the 
stratosphere,  simple  model  calculations  based  on 
laboratory  measurements  are  again  inadequate. 
To  date,  two  mechanisms  by  which  ions  can 
grow  have  been  observed: 

1 . The  usual  ion-molecule  cluster  develop- 
ment, where  the  cluster  si/e  and  the 
nature  of  clustered  molecules  reflect 
and  are  in  a pseudo-equilibrium  with 
the  surrounding  gaseous  environment. 
Each  molecule  is  held  within  the  cluster 

by  hydrogen  bonding  and/or  elect  ro- 


REDUCED  MOBILITY  - cm2  V"1  i'1 


Figure  6.  Deduced  profiles  of  positive  ion  mobility. 

Source: 

R.D.  Hake,  E.T.  Pierce,  and  W.  Viezee  (1973),  “Strato- 
spheric Electricity,”  final  rept.  on  Project  1724. 
Stanford  Research  Inst.,  Menlo  Park,  CA. 

static  forces.  Cluster  growth  is  limited 
by  the  free-energy  barrier  for 
nucleation. 

2.  Chemical  reactions  that  occur  between 
clustered  molecules,  or  chemical  reac- 
tions between  ion  clusters  and  imping- 
ing gas  molecules  whereby  the  reactant 
product  is  incorporated  into  the  ion 
cluster.  Virtually  no  information  is 
available  on  this  type  of  ion  chemistry 
except  from  laboratory  experiments  by 
Kadlacek  (1974)  where  ion  growth  was 
established  in  a system  containing  air 
and  variable  amounts  of  water  vapor, 
ammonia,  and  sulfur  dioxide.  The  ions 
that  were  mass-identified  and  mobility- 
analyzed  were  in  general 
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NH;-(NH3)n-(H20)m 

and 

NHj-(NH3V(H2oy 

[(NH3)2-S02]k 

where  n,m  = functions  of  [NH3], 
[H20] . Individual  mobility  peaks  were 
observed,  ranging  from  2.46  cm2  V'1 
s'1  (for  NH^*(NH3)->  3)  down  to 
1.17  cm2  V-'  s'1  (forNH|-(NH3)3  4)- 
[(NH3)2-S02]4)  and  lower.  At  the 
same  time,  some  evidence  of  particle 
formation  of  size  ^2.5  nm  radius  was 
obtained,  the  total  number  of  particles 
being,  however,  at  least  two  orders  of 
magnitude  lower  than  the  ion  concen- 
tration. For  these  types  of  ion-molecule 
reactions,  there  appears  to  exist  no 
energy  barrier  to  cluster  growth.  As 
these  “crystal-like  structured”  dusters 
develop,  the  addition  of  more  mass 
enhances  the  stability  of  the  cluster 
(Castleman,  1974).  McLaren  et  al. 
(1974)  have  determined  reaction  en- 
thalpies for  (NH3)2‘S02  of  -45  Kcal 
mole"1  and  -34  Kcal  mole-1  in  the 
presence  and  absence  respectively  of 
water  vapor. 

In  a system  containing  air,  ammonia,  and 
hydrochloric  acid,  Coffey  and  Mohnen  (1972) 
have  found  particles  to  be  produced  at  ammonia 
concentrations  as  low  as  100  parts  per  trillion.  In 
the  absence  of  ions,  particle  formation  ceased. 
They  postulated  an  overall  ion  reaction  scheme 
NH4*(NH3)j-(H20)j  + n HCI  -*  particles  as 
being  responsible  for  the  described  phenomena. 
Fehsenfeld  (1975)  has  found,  however,  that  the 
postulated  ion-molecule  reaction  is  endothermic, 
at  least  for  all  i < 3 and  j < 2.  The  exact 
mechanism  of  this  ion-induced  aerosol-formation 
process  is  therefore  not  known  at  this  time. 
Growth  processes  involving  negative  ions  and 
leading  to  particle  formation  have  not  been 
reported  to  date  — which  does  not,  however, 
exclude  their  existence.  Conceivably  there  are 
other  atmospheric  trace  gases,  particularly  reac- 
tive hydrocarbons,  ozone,  and  oxides  of  nitro- 


gen, that  could  undergo  a chemical  transforma- 
tion after  attachment  to  the  ion  cluster  and  cause 
it  to  grow  slowly  into  a larger  and  more  stable 
complex.  The  conditions  are  favorable  for  such 
processes  in  the  lower  part  of  the  troposphere. 
(Most  of  the  trace  gases  mentioned  above  are 
present  in  concentrations  exceeding  I010  mole- 
cules cm-3  and  hence  allow  for  at  least  103 
collisional  interactions  during  the  average  life- 
time of  ions.)  But  not  even  there  does  the 
average  ion  grow  beyond  a mass  corresponding  to 
1.2  cm2  V'1  s-1 . Ions  having  a mobility  lower 
than  0.5  cm2  V"1  sec-1  constitute  less  than  5%  of 
the  total  ion  population. 

In  the  stratosphere  the  concentration  levels 
of  trace  gases,  such  as  NH3,  S02,  and  reactive 
hydrocarbons,  are  considerably  lower.  As  men- 
tioned above  in  the  section  entitled  “Ions,”  the 
average  positive  or  negative  ion  will  not  colli- 
sionally  interact  with  any  molecular  constituents 
having  a concentration  of  less  than  3 X 106 
molecules  cm'3.  Although  the  NH3  concentra- 
tions in  the  stratosphere  have  not  been  measured 
yet,  current  estimates  from  various  investigators 
(Crutzen,  1975)  tend  to  be  less  than  5 X 107 
molecules  cm"3  (20  km),  //this  is  the  case,  then 
ion  growth  due  to  the  (NH3)2-S02  complex 
(the  only  mass-spectrometrically-identified  ion- 
growth  process  reported  to  date)  is  very  unlikely 
to  occur  in  the  stratosphere,  since  it  first  requires 
the  formation  of  NH4  (NH3)n  core  ions.  This 
latter  is  achievable  only  if  [NH3]  > 109  mole- 
cules cm'3.  For  the  same  reason,  one  can  exclude 
the  ion-induced  NH3-HC1  particle  formation 
reaction.  Any  chemical  reaction  between  OH  and 
ions  is  also  unlikely  to  occur.  (See  Table  1 and 
Figure  5 for  the  concentration  range  of  OH.) 

One  can  conclude  that  ion  growth  leading  to 
larger,  more  complex,  and  more  stable  ions,  and 
eventually  to  particle  formation,  is  not  favored  in 
the  unperturbed  stratosphere. 

Even  if  there  were  yet-undiscovered  chemi- 
cal reaction  mechanisms  by  which  ions  could 
grow  into  particles  that  are  stable  after  the 
recombination  process,  their  final  fate  would  be 
coagulation  with  preexisting  particles  rather  than 
condensational  growth  into  large  “sulfate 
particles”: 

= 1_ 

^coagulation  K)  2jq, 
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where 

K|  2-  coagulation  coefficient  ==10‘6  cm3  • 
sec'1  for  R2  % SO  nm 

Nf:  preexisting  particles  >1  cm'3  for 

R|  >0.1  pm 

and  thus 

^coagulation  • ^ ^ s 


Castleman,  A.W.,  Jr.,  R.E.  Davis,  H.R.  Munkelwitz,  I.N. 
Tang,  and  W.P.  Wood  ( 1975),  “Kinetics  of  associa- 
tion reactions  pertaining  to  H2S04  aerosol  forma- 
tion,” in  Proceedings  of  the  Symposium  on  Chemi- 
cal Kinetics  Data  for  the  Upper  and  Lower 
Atmosphere  (Warrenton,  VA),  John  Wiley  (for  Int. 
J.  Chem.  Kinet.),  New  York,  629-640. 

Coffey,  P.  and  V.A.  Mohnen  (1972).  "Ion  induced  large 
cluster  formation,”  Bull.  Am.  Phys.  Soc.  (Ser.  II) 
17,  392. 

Crutzen,  P.  (1975),  personal  communication. 


This  characteristic  time  has  to  be  compared  with 
the  characteristic  time  for  condensational 
growth. 


_ / kT  \-'/2x 

\ 2irmH  so  ) 


Davis,  D.D.  and  Gary  Klauber  (1975).  “Atmospheric  gas 
phase  oxidation  mechanisms  for  the  molecule 
SOj,”  in  Proceedings  of  the  Symposium  on  Chemi- 
cal Kinetics  Data  for  the  Lower  and  Upper 
Atmosphere  (Warrenton,  VA),  John  Wiley  (for  lnt. 
J.  Chem.  Kinet.),  New  York,  543-556. 

Fehsenfeld,  F.C.  ( 1975),  personal  communication. 


= 2.3  X 108  s 

for  A = 2.5  X lO-13  cm2  cm'3  (0.5-nm  radius 
and  100  particles  cm'3).  We  assumed  here  that 
only  a fraction  of  the  total  ion  population  can 
grow  into  stable  particles  (100  cm"3).  Ion  growth 
mechanisms  cannot  therefore  be  responsible  for 
the  formation  of  the  “Junge  layer.” 
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ABSTRACT:  The  energetic  equilibrium  of  small  particles  in  the  stratosphere  is  summarized,  and  is 
shown  to  be  relevant  to  the  perturbed  stratosphere. 


The  energetic  equilibrium  of  small  particles 
in  the  earth’s  atmosphere  has  been  considered  in 
some  detail  by  Fiocco,  Grams,  and  Visconti 
(1975)  and  by  Fiocco,  Grams,  and  Mugnai 
(1976),  hereafter  referred  to  as  FGV  and  FGM, 
respectively.  In  this  paper  those  results  are 
summarized  and  shown  to  be  of  particular 
relevance  to  the  perturbed  stratosphere.  Aerosols 
absorb  energy  from  the  solar  and  planetary 
radiation  fields,  exchange  energy  by  collisions 
with  the  ambient  gas,  and  emit  thermal  radiation. 
If  changes  in  phase  are  possible,  particles  also 
lose  or  acquire  latent  heat  during  phase  change. 
Interactions  with  the  radiation  field  vary  signifi- 
cantly with  the  size  and  refractive  index  of  the 
particles  and  with  the  spectral  density  and 
anisotropy  of  the  radiation.  The  heat  exchanged 
through  collisions  is  a function  of  the  tempera- 
ture and  density  of  the  ambient  gas  and  of  the 
temperature  of  the  particles.  Thus,  equilibrium 
conditions  for  a given  particle  size  and  composi- 
tion will  vary  with  altitude,  as  well  as  with  the 
time  of  day,  season,  and  planetary  albedo.  The 
equation  for  equilibrium  is 


where  PA  is  the  solar  radiation  power  absorbed 
by  the  particle,  PAp|a  *s  the  planetary  radiation 
power  absorbed  by  the  particle,  P(.  is  the  thermal 
power  radiated  by  the  particle,  and  P(-  is  the 
power  lost  by  the  particles  because  of  collisions 
with  the  ambient  gas. 

In  evaluating  Pa©>  we  have  included  both 
the  directly  incident  solar  radiation  and  the 
solar  radiation  backscattered  by  the  surface- 
atmosphere  system  because  of  its  albedo,  A. 
PAp|a  takes  into  account  the  thermal  radiation 
emitted  by  the  surface,  and  the  absorption  and 
emission  by  atmospheric  gases  (principally  Oj, 
H20,  and  C02). 

As  a result  of  the  equilibrium  described  by 
Eq.  1,  the  particle  temperature,  Tp,  can  be 
substantially  different  from  the  ambient  gas 
temperature,  Tg.  FGV  found  the  effect  to  be 
large  above  60  km,  with  differences  Tp  — Tg  in 
excess  of  100K  calculated  for  the  90-km  region 
in  daytime.  Differences  of  this  magnitude  could 
account  for  a substantial  increase  in  the  sublima- 
tion rates  of  certain  species  (Fiocco  and  Visconti, 
1973),  for  a reduction  in  the  regions  of  existence 
of  ice  particles  in  the  mesosphere,  and  possibly 
for  an  increase  in  the  catalytic  efficiency  of 
aerosols  in  atmospheric  chemistry. 


pA®+PApla-P,.;-Pc=0  (1) 

•Part  of  this  research  was  carried  out  while  Dr.  Fiocco  was  a Visiting  Senior  Fellow  of  the  Advanced  Study  Program. 
National  Center  for  Atmospheric  Research. 

••The  National  Center  for  Atmospheric  Research  is  sponsored  by  the  National  Science  Foundation. 
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The  relative  contributions  of  the  different  emitted  by  the  particles,  P(. , can  be  reabsorbed 

terms  in  the  equation  of  energetic  equilibrium  by  the  atmosphere,  most  of  this  absorption  is 

were  found  to  vary  with  altitude  and  particle  likely  to  take  place  at  large  distances  from  the 

size.  Each  of  the  terms  in  Eq.  I is  shown  in  stratospheric  aerosol  layer.  Contributions  from 

Figure  I (taken  front  FGM)  for  the  altitude  the  P|.  term  have  not  been  included  in  the 

interval  front  0 to  60  km.  These  results  refer  to  present  calculations. 

spherical  particles  of  0.3  pm  radius:  in  the  In  Figure  I the  atmospheric  conditions  are 

calculations,  the  complex  refractive  index  of  the  for  45°N  July  (summer)  and  45°N  January 

particles  was  specified  as  a function  of  the  (winter),  as  specified  in  the  U.S.  Standard  Atmo- 

wavelength  of  the  incident  radiation,  using  'he  sphere  Supplements.  1966;  the  midday  results 

model  proposed  by  Ivlev  and  Popova  ( 1973).  The  were  obtained  for  albedo  values  A =0.3  for  the 

curves  in  Figure  1 show  that  significant  changes  summer  and  A =0.5  for  winter,  repr:^..‘:r«  the 

can  occur  in  the  fraction  of  energy  absorbed  average  seasonal  conditions  at  45°N  (Rasc.ike 

from  the  radiation  field  that  goes  directly  into  et  al..  1973).  Heating  will  ensue  at  all  altitudes 

the  sensible  heat  of  the  ambient  gas  via  molecular  during  the  daytime;  however,  relatively  small 

collisions.  The  effectiveness  of  the  particles  for  negative  values  are  obtained  in  the  lower 

heating  and  cooling  the  ambient  gas  varies  for  stratosphere  under  nighttime  conditions.  Thus, 

different  size  ranges  and  at  different  heights,  and  we  would  expect  the  sign  of  the  daily  average 

it  cannot  be  assumed  that  all  the  energy  absorbed  heating  rates  to  be  positive  throughout  the  entire 

from  the  radiation  field  will  heat  the  local  gas.  region  in  which  the  stratospheric  aerosol  is 

In  Eq  I,  the  collisional  term  P^  leads  located, 

directly  to  local  heating  of  the  gas  surrounding  Figure  2 shows  daily  average  heating  rates  as 

the  aerosol  particles.  Although  the  energy  a function  of  size  and  altitude  for  summer  and 
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ENERGY  EXCHANGE  TERMS  (I0M0W) 

Behavior  of  energy-exchange  lerms  in  Eq.  I for  aerosols  with  a .adius  of  0.3  /urn  (from 
FGM,  1976). 
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winter  at  45°N.  Figure  3 also  shows  daily  average 
heating  rates  for  the  15°N  annual  atmosphere  as 
specified  in  the  U.S.  Standard  Atmosphere  Sup- 
plements, 1966 , and  for  different  values  of  the 
albedo.  Large  variations  of  the  heating  rate  as  a 
function  of  height,  particle  radius,  and  albedo  are 
evident;  it  is  apparent  that  particles  with  a radius 
of  about  O.S  pm  would  be  the  most  active  in 
heating  the  ambient  gas.  In  the  region  of  the 
atmosphere  around  the  stratopause,  the  aerosols 
would  almost  always  remove  heat,  although  their 
concentrations  at  those  heights  are  normally  so 
small  that  the  process  would  not  be  important. 
In  the  lower  stratosphere  where  the  photo- 
chemical heating  terms  are  minimal  and  where 


Figure  2.  Daily  average  heating  rates  (degrees  Kelvin 
per  day)  for  aerosols  with  a mass  mixing 
ratio  of  10'9  grams  per  gram  of  air  for 
45°N  for  (a)  summer  A = 0.3  and  (b)  win- 
ter with  A = 0.5. 


the  aerosols  are  abundant,  aerosols  always  add 
heat.  The  heat  exchange  varies  with  albedo;  thus 
a coupling  mechanism  exists  between  the  surface 
and  the  stratosphere  which  may  have  effects  on 
the  stratospheric  climate. 

Figures  2 and  3 emphasize  the  effect  of 
particle  size  by  assuming  a monodisperse  aerosol. 
We  have  also  considered  a p'  ‘ .sperse  aerosol 
having  a power-law  size-distribution  function  in 
the  size  interval  r = 0.01  pm  to  r = 10  pm,  of  the 
form  dN/d  log  r = Cr'3,  where  N is  the  total 
number  of  particles  with  radius  less  than  r and  C 
is  the  concentration  constant  that  results  in  a 
mass  mixing  ratio  of  10‘9  g(gair)'1. 

Figure  4 shows  the  daily  average  heating  rate 
for  this  size  distribution  as  a function  of  height 
for  different  values  of  the  albedo  and  for  the 
conditions  of  Figure  3.  Figures  2,  3,  and  4 apply 
to  a constant  aerosol  mass  mixing  ratio, 
p=10‘9g  (gair)"1.  In  the  lower  troposphere, 
concentrations  often  exceed  that  value;  in  most 
other  regions,  however,  they  are  normally  lower. 
Regarding  stratospheric  aerosols,  it  is  known  that 
the  aerosol  mass  concentration  is  variable,  and 
that  it  often  exceeds  the  above  value  — especially 
after  major  volcanic  eruptions. 

The  distribution  with  longitude  and  latitude 
of  the  stratospheric  temperature  increase  that 
was  observed  after  the  eruption  of  Mt.  Agung 


Figure  3.  Daily  average  heating  rates  (degrees  Kelvin 
per  day)  for  aerosols  with  a mass  mixing 
ratio  of  10'9  grams  per  gram  of  air  for  the 
15°N  annual  atmosphere  with  (a)  A =0.1, 
(b )A  =0.3,  (c )A  =0.5,  and  (d)  A =0.7. 


HEATING  RATES  (K  day'1  ppbnf ') 

Figure  4.  Daily  average  heating  rates  (degrees  Kelvin 
per  day)  for  a polydisperse  aerosol  with  a 
mass  mixing  ratio  of  10'9  grams  per  gram 
of  air  for  the  15°N  annual  atmosphere  and 
the  indicated  values  of  A (see  text  for 
details). 
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(Newell,  1971)  is  shown  in  Figure  .5.  The 
geographical  distribution  of  temperature  dif- 
ferences is  highly  correlated  with  the  albedo 
contours  published  by  Raschke  et  al.  (1973), 
which  we  have  reproduced  in  Figure  6.  Thus,  the 
association  of  increased  heating  rates  with 
increased  albedo  points  to  a radiative  cou- 
pling mechanism  between  troposphere  and 
stratosphere. 

The  above  study  was  limited  to  aerosols 
characterized  by  the  complex  refractive  index 
model  of  Ivlev  and  Popova  (1973).  While  this 
model  has  a more  realistic  representation  of  the 
spectral  variability  of  the  complex  refractive 
index  than  those  used  by  other  investigators  to 
date,  we  plan  to  make  additional  calculations 


using  complex  refractive  indexes  for  a number  of 
different  s'  ’ aces  that  have  special  significance 
for  the  stratospheric  aerosol  layer,  such  as 
sulfuric  acid  droplets  and  particles  of  volcanic 
ash. 
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THEORIES  OF  AEROSOL  CHEMISTRY  AND  OPTICS 


DISCUSSION 

CICERONE:  I would  like  to  make  several  points.  First, 
I’d  like  to  add  something  to  a chart  that  Dr.  Castleman 
presented,  in  which  he  compared  the  rates  of  reaction  of 
certain  radicals,  atoms,  and  other  gas-phase  constituents 
to  possible  reaction  rates  with  surfaces.  For  some 
problems,  such  as  the  chlorine  chain,  where  we  don’t 
seem  to  know  of  any  other  chain-terminating  steps 
besides  removal  from  the  stratosphere,  I think  we  have 
to  be  a little  more  careful,  and  compare  surface  reaction 
rates  to  »he  rate  of  removal  from  the  stratosphere 
inst  *ad  of  the  rates  of  other  gas-phase  reactions. 

Second,  in  regard  to  Friend’s  paper,  S02  is  a highly 
soluble  gas.  and  ground-level  sources  of  such  gases  have 


a hard  time  competing  with  fairly  large  sources  injected 
into  the  stratosphere.  There  are  some  similarities 
between  the  sulfur  cycle  and  the  odd-nitrogen  and 
odd-chlorine  cycles. 

Finally,  Farmer’s  ground-level  measurements  of 
HC1  were  a factor  of  two  or  three  below  the  levels  that 
others  have  reported  for  HC1,  1 ppm.  Donald  Stedman. 
a colleague  of  mine,  believes  there’s  a good  chance  that 
the  previous  measurements  of  HC1  at  ground  level  are 
really  upper  limits,  because  of  the  probability  of 
particle-to-gas  conversion  in  the  inlet  systems  of  those 
various  workers’  instruments.  So  I don't  think  Farmer’s 
values  should  be  criticized  on  the  basis  of  the  previous 
measurements. 
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LIDAR  OBSERVATIONS  OF  THE  STRATOSPHERIC  AEROSOL: 
SUMMARY  OF  RESULTS  AND  A CALIBRATION-ERROR  ASSESSMENT 


P.B.  RUSSELL,  W.  VIEZEE,  R.D.  HAKE,  JR.,  AND  R.T.H.  COLLIS 
Stanford  Research  Institute 
Menlo  Park,  California 


ABSTRACT:  Under  CIAP  support,  SRI  made  30  nighttime  stratospheric  lidar  observations  between 
October  1972  and  March  1974,  a period  when  volcanic  contributions  to  the  stratospheric  aerosol  were 
at  a minimum.  Profiles  of  scattering  ratio  consistently  indicated  the  presence  of  a quasi-permanent 
aerosol  layer  near  20  km,  which  displayed  considerable  variation,  at  one  time  apparently  correlated 
with  a sudden  stratospheric  warming.  The  maximum  observed  particulate  backscattering  coefficient 
was  only  10  to  20%  of  the  molecular  backscattering  coefficient,  indicating  a substantial  reduction, 
compared  with  lidar  observations  shortly  after  the  1963  Agung  volcanic  eruption.  The  overall  decline 
in  lidar-observed  scattering  ratio  between  1964  and  mid-1974  is  shown  to  agree  with  measurements  by 
balloon-borne  particle  counters,  twilight  photometers,  and  aircraft  filter  samplers  made  during  the 
same  period.  Lidar-inferred  turbidity  values  were  also  considerably  less  than  those  obtained  by 
searchlight  in  1964-1965.  A comparative  experiment  indicated  good  agreement  between  lidar-  and 
aircraft-inferred  particle  .'.lass  concentrations,  when  these  were  linked  by  means  of  a realistic  optical 
model  of  the  sampled  particles. 

Results  from  a series  of  balloon  measurements  and  several  lidar/balloon  comparative  experiments 
carried  out  elsewhere  are  analyzed,  to  estimate  the  errors  introduced  into  lidar-measured  profiles  by 
the  “clean-air”  calibration  procedure.  The  analysis  indicates  that,  during  the  nonvolcanic  period, 
midlatitude  lidar  profiles  extending  below  10  km  would  usually  have  underestimated  the  scattering 
ratio  R by  less  than  10%  of  Rmax-1,  and  in  all  cases  by  less  than  20%  of  Rmax-1.  If,  however,  lidar 
profile  analysis  had  been  restricted  to  altitudes  above  15  km,  the  mixing-ratio  minimum  usually 
observed  near  the  tropopause  during  the  nonvolcanic  period  would  have  been  excluded  from  analysis, 
and  larger  underestimations  could  frequently  have  resulted. 


INTRODUCTION 

During  the  18-month  period  between 
October  1972  and  March  1974,  SRI  made  a 
series  of  30  nighttime  observations  of  the  strato- 
spheric aerosol  using  a ground-based  ruby  lidar 
(laser  radar)  located  in  Menlo  Park,  California. 
The  equipment  and  procedures  used  in  those 
observations,  as  well  as  the  primary  data  ob- 
tained, are  described  by  Russell  et  al.  (1974a, 
1976a).  This  paper  summarizes  the  data  and 
compares  them  to  a number  of  other  strato- 
spheric aerosol  measurements  made  by  lidar  and 
other  observational  methods.  In  addition,  as  a 
means  of  indicating  the  validity  and  information 
content  of  the  lidar  observations,  results  are 
presented  from  (1)  an  experiment  in  which  a 
common  stratospheric  volume  was  sampled  by 
the  SRI  lidar  and  an  aircraft-borne  sampler,  and 
(2)  an  analysis  of  balloon-measured  profiles  of 
stratospheric  particle  number.  The  latter  analysis 
is  intended  specifically  to  provide  an  estimate  of 
probable  errors  introduced  into  lidar  measure- 
ments by  the  “clean-air”  calibration  procedure. 


RESULTS  FROM  THE  SR1/CIAP 
LIDAR  OBSERVATION  PROGRAM 

Average  Vertical  Profile  and 
Temporal  Variations 

A fundamental  quantity  that  expresses  lidar 
measurements  of  particulate  content  is  the  “scat- 
tering ratio,”  defined  as 

R(z)  = (fp(z)  + fm(Z))/fm(z) 

= 1 + fp(z)/fm(z).  (1) 

where  fp(z)  and  fm(z)  are,  respectively,  the 
particulate  and  molecular  backscattering  coef- 
ficients at  altitude  z.  Scattering  ratios  in  excess 
of  unity  indicate  the  presence  of  particulate 
matter  in  the  atmosphere,  and  measure  its  ability 
to  backscatter  light  from  the  laser  transmitter 
relative  to  the  backscattering  strength  of  the 
local  atmospheric  gases.  The  solid  line  shown  in 
Figure  I is  the  error-weighted  average  profile  of 
scattering  ratio  for  all  of  the  SRI/CIAP  lidar 
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observations  that  extended  down  to  an  altitude 
of  10  km  or  below.  (Scattering-ratio  profiles  that 
did  not  extend  as  low  as  10  km  have  been 
excluded  from  the  average  because,  as  shown  in 
the  calibration-error  section  below,  it  is  likely 
that  the  “clean-air”  calibration  procedure  intro- 
duced appreciable  underestimation  into  these 
profiles.)  Included  in  the  average  are  16  profiles, 
measured  on  dates  between  June  1973  and 
March  1974.  The  maximum  in  scattering  ratio 
near  20  km  indicates  the  presence  of  the  “Junge” 
layer  of  stratospheric  particles,  which  was  evi- 
dent in  all  of  our  observations.  Note,  however, 
that  the  maximum  backscattering  coefficient  of 
the  particles  averaged  only  about  10%  of  the 
backscattering  coefficient  of  the  local  gas  mole- 
cules (see  Section  B below). 


f-'igure  1.  Average  vertical  profile  of  scattering  ratio 
observed  over  central  California  coast, 
June  1973  - March  1974.  Solid  line  is 
error-weighted  mean  of  16  observations. 
Dotted  lines  indicate  typical  experimental 
uncertainty  in  a single  profile.  Dashed 
lines  indicate  standard  deviation  of  obser- 
vations included  in  data  set. 

The  dotted  lines  in  Figure  1 indicate  the 
typical  observational  uncertainty  (±lo)  in  any 
single  measured  profile.  The  dashed  lines  indicate 
the  standard  deviation  of  the  16  profiles  included 


in  the  data  set.  If  the  variability  among  measured 
profiles  were  due  entirely  to  observational  errors, 
the  dotted  and  dashed  curves  would  approxi- 
mately coincide.  The  fact  that  the  spread  be- 
tween the  dashed  curves  consistently  exceeds  the 
spread  between  the  dotted  curves  indicates  that 
during  the  10-month  period  of  averaged  observa- 
tions there  was  quite  a bit  of  real,  natural 
variability  in  scattering  ratio  profiles.  This  vari- 
ability in  the  stratospheric  aerosol,  even  during 
“background”  (i.e.,  nonvolcanic)  conditions,  has, 
of  course,  been  noted  in  many  other  recent 
studies. 

A particularly  interesting  example  of  this 
type  of  variability  was  noted  near  the  time  of  the 
major  sudden  stratospheric  warming  of  January 
1973  (before  lidar  profiles  had  been  extended 
down  to  10  km).  As  described  in  detail  by 
Russell  et  al.  (1976a),  vertical  movements  of  the 
scattering-ratio  peak  between  December  1972 
and  March  1973  were  well  correlated  with 
reversals  of  the  local  zonal  wind  that  accom- 
panied development  of  the  sudden  warming 
(Quiroz,  1975). 

Comparison  to  Other  Observations 

Figure  2 presents  a comparison  of  the  SRI 
(June  1973-March  1974)  average  profile  of  scat- 
tering ratio  and  average  profiles  obtained  in  two 
previous  lidar  studies.  Profile  FGSW  is  the 
average  profile  observed  by  Fox  et  al.  (1973) 
over  the  Pacific  Ocean  in  August  1971,  using  an 
airborne  dye  lidar  (wavelength  X = 585  nm).  (The 
profile  has  been  converted  to  a ruby  wavelength 
(X  = 694  nm)  for  this  comparison,  assuming 
fp  « X'1 .)  Profile  GF  is  the  average  of  66  scat- 
tering ratio  profiles  measured  by  Grams  and 
Fiocco  (1967)  in  Massachusetts  during  1964-65. 
using  a ground-based  ruby  lidar. 

The  most  obvious  difference  between  the 
1964-65  profile  and  the  more  recent  ones  is  the 
size  of  the  scattering  ratios.  Grams  and  Fiocco 
observed  an  average  peak  value  of  fp/fm  (i.e., 
(R-l))  of  nearly  90%,  while  the  profiles  of  the 
early  1970’s  display  peak  values  of  only  10  to 
20%.  (The  ClAP-supported  lidar  measurements 
made  prior  to  October  1974  by  Northam  et  al. 
(1974)  and  Fernald  et  al.  (1974)  yielded  scat- 
tering ratios  similar  to  those  in  the  SRI  profile.) 
In  addition,  there  is  a significant  difference  in  the 
shapes  of  the  profiles.  In  1964-65,  the  peak  in 
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SCATTERING  RATIO 

Figure  2.  Average  vertical  profiles  of  scattering  ratio 
observed  in  three  lidar  studies  of  the 
stratospheric  aerosol  between  1964  and 
1974. 


average  scattering  ratio  was  at  17  km,  whereas  in 
the  early  1970’s  it  was  typically  above  20  km. 
Both  of  these  changes  in  scattering-ratio  profiles 
are  evidently  attributable  to  the  gradual  removal 
of  particles  from  the  major  eruption  of  the  vol- 
cano Agung  on  Bali  in  March  1963,  and  other 
major  eruptions  that  occurred  through  May  1970 
(see,  e.g.,  Cronin,  1971). 

The  overall  decline  of  scattering  ratio  be- 
tween 1964  and  mid- 1 974,  as  observed  by  a 
number  of  stratospheric  lidar  groups  in  both 
hemispheres,  is  illustrated  in  Figure  3,  which  also 
includes  some  comparison  data  obtained  by 
other  observational  methods.  Considering  that 
each  of  the  four  methods  observes  a different 
measure  of  stratospheric  particulate  content,  at  a 
variety  of  measurement  locations,  there  is  good 
mutual  agreement  in  depicting  the  overall  trend. 
Numerous  short-term  variations,  superimposed 
on  the  general  trend,  are  evident  in  the  data 
obtained  with  all  four  measurement  techniques, 
especially  the  twilight  photometry  data,  for 
which  the  measurement  frequency  was  the  high- 
est. Some  of  the  major  short-term  variations  are 


evidently  associated  with  (and  lag  somewhat 
behind)  the  times  of  major  volcanic  eruptions,  as 
indicated  by  the  vertical  lines  in  Figure  3d. 


1962  1961  1966  1968  1970  1972  1974 


Figure  3.  Comparison  of  stratospheric  aerosol 
measurements  made  by  four  independent 
techniques  between  1962  and  1974.  (a) 
Maximum  ratio  of  particulate  to  gaseous 
backscattering  fp/fm,  as  observed  by  a 
number  of  lidar  groups.  GF:  Grams  and 
Fiocco  (1967),  Massachusetts;  CL:  Collis 
and  Ligda  (1966),  California;  C:  Clemesha 
et  al.  (1966),  Jamaica;  S:  Schuster  (1970), 
Colorado;  CR:  Clemesha  and  Rodrigues 
(1971),  Brazil; O:  Ottway  (1972),  Jamaica; 
FS:  Frush  and  Schuster  (unpublished), 
Colorado;  F:  Fox  et  al.  (1973),  Hawaii 
and  Bermuda;  YE:  Young  and  Elford 
(1975),  Australia;  RVHC:  present  work, 
California,  (b)  Number  of  particles  (radius 
,>0.15  /ini)  above  tropopause  as  measured 
by  photoelectric  particle  oounter  (Hof- 
mann et  al.,  1972,  1973,  1974a,  b,  1975). 
(c)  Color-ratio  amplitude,  as  measured 
by  twilight  photometer  at  Weissenau, 
Germany,  through  October  1967;  then 
at  Bedford,  Massachusetts  (Volz,  1970, 
1974).  (d)  Mass  of  sulfate  per  standard 
cubic  meter  (scm),  as  collected  on  aircraft- 
borne  filters  (Castleman,  1974). 
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It  is  also  of  interest  to  compare  measure- 
ments of  stratospheric  turbidity  (i.e..  the  ratio  of 
pa.ticulate  to  molecular-Rayleigh  extinction 
Pp/Pm)  over  the  decade  beginning  shortly  after 
the  Agung  eruption  and  ending  before  the 
volcanic  activity  of  late  1974.  However,  deriving 
a turbidity  profile  from  a lidar  observation 
requires  the  use  of  a particulate  backscatter-to- 
extinction  ratio,  which  has  never  been  directly 
measured  for  the  stratospheric  aerosol.  In  spite 
of  this,  it  is  possible  to  make  a realistic  conver- 
sion from  backscatter  to  extinction  by  using  an 
optical  model  of  the  stratospheric  aerosol  that  is 
consistent  with  measurements  (both  remote-  and 
direct-sampling)  made  near  the  time  and  location 
of  the  lidar  observations.  On  the  basis  of  a 
number  of  recently  published  results  (see  Russell 
et  al.  (1974a)  for  details),  we  have  adopted  the 
optical  model  shown  in  Table  1 . We  emphasize 
that  this  is  only  a model,  and  that  it  may  require 
modification  to  incorporate  recent  measurement 
data  on  the  stratospheric  aerosol  of  the  ear  y 
1970’s.  Moreover.it  is  highly  likely  that  revisions 
will  be  required  to  describe  accurately  the  new 
post-volcanic  aerosol.  Nevertheless,  the  model  of 
Table  I is  consistent  with  a number  of  measure- 
ments made  in  the  non-volcanic  period,  and  is 
probably  suitable  for  use  with  lidar  measure- 
ments made  during  that  time  (see  also  Cadle  and 
Grams.  1975;  Pinnick  et  al..  1975). 

Table  1 . An  Optical  Model  of  the  Stratospheric  Aerosol 
(based  on  nonvolcanic  conditions  in  the  early 
I970's) 

COMPOSITION : Aqueous  solution  of  sulfuric 

acid  (75%  H2S04  by  mass) 

SIZf  DISTRIBUTION  Deirmendjian*  Haze  H 

SHAPI  Spherical 

CHARAOTI  P.ISTK  S IMPLFD  BY  Till  ABOVK: 

Specific  gravity  = 1 63 


The  solid  line  in  Figure  4 is  the  profile  of 
stratospheric  turbidity  (i.e..  the  ratio  of  par- 
ticulate to  molecular-Rayleigh  extinction) 
obtained  from  the  scattering-ratio  profile  of 
Figure  2 by  using  the  model  backscatter-to- 
extinction  ratio  and  converting  to  a wavelength 
X of  550  nm  (assuming  fp  a A'* ).  Also  shown 
are  two  previous  profiles,  obtained  by  searchlight 
measurements  in  1964-65  and  late  1970 
(Elterman,  1968;  Elterman  et  al.,  1973).  Again, 
the  two  previous  profiles  greatly  exceed  the 
1973-74  one.  and  their  shape  differs,  with  both 
previous  profiles  having  peaks  below  20  km. 


TURBIDITY 

Figure  4.  Vertical  profiles  of  stratospheric  turbidity 
(ratio  of  particulate  to  gaseous  (Rayleigh) 
extinction)  obtained  from  searchlight  and 
lidar  measurements  between  1964  and 
1974. 

I. idar/ Aircraft  Comparative  Experiment 


Refractive  index  = 1 .42  0 i 

Backscatter-to-extinction 
ratio  = 0.013  sr  1 


K = 700nm 


•See  Deirmendjian  (1969) 


In  addition  to  the  pure  lidar  measurement 
aspect  of  the  SRI  program,  there  was  a second 
aspect,  which  included  participation  in  several 
comparative  experiments,  in  which  aircraft  and 
lidar  data  were  jointly  acquired.  This  section 
summarizes  results  of  one  of  the  comparative 
experiments,  the  details  of  which  are  given  by 
Russell  et  al.  (1974a.  1976a). 
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In  the  first  comparative  experiment,  a 
WB-57F  aircraft  tlew  over  the  lidar  site  and 
collected  a filter  sample  of  stratospheric  par- 
ticles. This  sample  was  subsequently  analyzed  in 
the  laboratory,  yielding  a particle  composition  of 
concentrated  aqueous  sulfuric  acid,  in  agreement 
with  the  optical  model  given  in  Table  1 . There- 
fore, we  used  the  optical  model  to  derive  an 
expected  backscattering  coefficient  from  the 
mass  of  collected  particles.  Figure  5 shows 
a comparison  between  the  particulate-back- 
scattering  coefficient  inferred  from  aircraft 
observations  and  the  lidar-measured  value  at  the 
flight  altit  jde.  On  26  July,  the  actual  date  of  the 
overflight,  the  agreement  between  lidar  and 
aircraft  values  is  good  (that  is,  within  each 
other’s  error  bars).  (It  is  also  good  on  the  pre- 
vious two  dates,  which  simply  indicates  small 
day-to-day  variation  of  the  particulate- 
backscattering  coefficient  near  the  date  of  the 
overflight).  Moreover,  if  a particle  acidity  of  60% 
(a  possible  value)  is  assumed  in  the  optical 
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— (m  - sr)  ' X 10  9 


Figure  S.  Comparison  of  lidar-measured  particulate 
backscattering  coefficient  with  computed 
value  based  on  aircraft  mass-sampler 
measurement.  The  computation  assumes 
the  particle  optical  and  physical  charac- 
teristics of  the  Table  I model. 


model,  near-perfect  agreement  is  obtained  be- 
tween the  lidar-measured  and  aircraft-inferred 
partieulate-backscattering  coefficients  on  26  July 
(see  Russell  et  al.  (1974a,  1976a)  for  details). 

ERROR  ASSESSMENT  OF  THE 
‘’CLEAN-AIR”  CALIBRATION  PROCEDURE 

As  with  any  experimental  technique,  lidar 
measurements  of  the  stratospheric  aerosol  are 
subject  to  a number  of  experimental  uncertain- 
ties, the  most  important  of  which  derive  from 
the  following  four  items: 

1 . The  “clean-air”  or  “molecular-layer” 
calibration  procedure; 

2.  The  choice  of  a gas-density  profile  for 
use  in  computing  scattering  ratios; 

3.  The  choice  of  a particulate-extinction 
profile  for  the  same  purpose; 

4.  The  choice  of  an  optical  model  for 
converting  lidar-measured  backscat- 
tering to  other  quantities. 

The  last  three  items  have  been  treated  in 
some  detail  in  recent  reports  by  our  group  and 
others.  As  regards  item  2,  there  is  near-universal 
recommendation  that  a concurrently-measured 
(e.g.,  by  radiosonde),  rather  than  a modeled, 
profile  or  molecular  density  be  used.  Regarding 
item  3,  it  seems  clear  that  a particulate- 
extinction  profile  considerably  less  than  the 
Elterman  (1968)  measurements  of  1964-65  was 
appropriate  for  use  in  the  nonvolcanic  period  of 
the  early  70’s.  And  as  for  item  4.  realistic  optical 
models  have  been  recommended  by  Cadle  and 
Grams  (1975),  Pinnick  et  al.  (1975).  and  the 
preceding  section  of  this  paper.  On  the  other 
hand,  a comprehensive  assessment  of  the  prob- 
able errors  introduced  by  the  “clean-air”  calibra- 
tion procedure  has  not  appeared  in  the  literature 
(see.  however.  Young  and  Elford  (1975)  for  one 
approach).  Therefore,  this  section  addresses  this 
question,  primarily  on  the  basis  of  two  sets  of 
data  acquired  under  CIAP  funding:  (l)an  exten- 
sive set  of  balloon-borne  measurements  made  by 
the  University  of  Wyoming,  and  (2)  several 
simultaneous  lidar/balloon  comparative  experi- 
ments made  by  the  NASA-Langley  and  Univer- 
sity of  Wyoming  groups. 
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Error  Analysis 

The  “clean-air”  calibration  procedure  con- 
sists of  renormalizing  any  given  scattering-ratio 
profile  in  order  to  force  the  minimum  ratio  in 
the  profile  to  equal  unity  (i.e.,  the  value  it  would 
assume  if  particulate  backscattering  at  that  level 
were  negligible).  Therefore  we  begin  by  deriving 
expressions  for  the  errors  that  will  be  introduced 
into  lidar-derived  scattering  ratios  by  this  renor- 
malization if  the  minimum  scattering  ratio  in  fact 
somewhat  exceeds  1 .00.  To  quantify  the  argu- 
ment, suppose  that  at  the  altitude  z0  of  mini- 
mum scattering  ratio,  the  ratio  of  particulate  to 
molecular  backscattering,  defined  as 

p(z)  = fp(z)/fm(z)=R(z)-  1 , (2) 

has  the  value 

P<zt))  = Pmin-  (3) 

rather  than  its  assumed  value  of  zero.  Given  this 
assumption,  it  can  readily  be  shown  that  the 
resulting  errors  in  scattering  ratio  at  any  altitude 
z are  given  by 

Er(z)s  R(z)—  R'(z)=  R'(z)Pmin.  (4) 

where  (in  this  section)  unprimed  quantities  are 
actual  values,  and  primed  quantities  are  those 
obtained  from  a lidar  measurement  as  a result  of 
normalizing  the  scattering-ratio  profile  to  force 
R'(z-o)  = 1-00.  As  can  be  seen,  the  error  is  given 
by  a quantity  normally  available  in  a lidar 
measurement  (R'(z))  multiplied  by  pmin,  where 
pmin  cannot  be  measured  in  a lidar  experiment, 
but  is  in  fact  assumed  to  equal  zero.  Thus,  the 
determination  of  probable  values  for  the  errors 
given  by  Eq.  (4)  becomes  simply  the  determina- 
tion of  the  probable  value  of  pmjn  at  the 
particular  minimum  level  zfl  for  a given  lidar 
profile. 

Balloon  Data 

Values  of  pmjn,  the  difference  between  true 
and  assumed  minimum  scattering  ratio,  can  be 
determined  only  by  reference  to  a representative 
set  of  data  on  the  stratospheric  aerosol  that  are 
independent  of  the  lidar  data,  but  that  can  be 


easily  related  to  lidar  scattering  ratios.  Such  a set 
of  data  is  provided  by  the  University  of 
Wyoming's  measurements  of  stratospheric  par- 
ticle number,  obtained  by  balloon-borne  photo- 
electric particle  counter  (Hofmann  et  al.,  1972, 
1973,  1974a).  These  data  are  obtained  as  vertical 
profiles,  with  vertical  resolution  and  range  com- 
parable to  those  of  lidar-measured  profiles.  More- 
over, the  balloon  measurements  can  be  related  to 
lidar  measurements  by  using  the  results  of  several 
comparative  lidar/balloon  experiments  (Northam 
et  al.,  1974;  Remsberg  and  Northam,  1975, 
1976). 

A typical  balloon  profile,  taken  from  a 
recent  CIAP  report  (Hofmann  et  al.,  1973)  is 
shown  in  Figure  6a.  The  profile  gives  the  number 
of  particles  with  radius  X).  15  pm,  as  a function 
of  altitude  z.  The  University  of  Wyoming  group 
has  acquired  a large  number  of  such  profiles, 
from  stations  in  both  hemispheres.  3 he  profile  in 
Figure  6a  was  measured  at  Laramie.  Wyoming;  it 
is  characteristic  in  showing  a peak  at  about 
18  km,  a minimum  near  the  tropopause.  and  a 
dropoff  above  the  main  stratospheric  peak, 
which  trails  off  nearly  to  zero  somewhere  be- 
tween 25  and  30  km. 

By  dividing  it  by  an  air-mass-density  profile, 
the  profile  in  Figure  6a  can  readily  be  converted 
to  a profile  of  number  mixing  ratio,  or  particle 
number  per  milligram  of  air.  The  result  obtained 
in  this  manner  is  shown  in  Figure  6b.  The 
mixing-ratio  profile  is  similar  to  the  particle- 
number  profile,  but  it  has  three  characteristic 
differences: 

1 . The  peak  is  broader  and  at  a higher 
mean  altitude  (*21  km  instead  of 
18  km). 

2.  The  minimum  near  the  tropopause  is 
quite  a bit  smaller,  with  respect  to  the 
peak  value,  than  the  one  in  the  absolute- 
number  profile. 

3.  Above  the  peak,  the  mixing-ratio  profile 
does  not  tail  off  to  zero  nearly  as 
quickly  as  does  the  absolute-number 
profile. 

These  three  characteristic  differences  result  in  a 
mixing-ratio  profile  that  has  a shape  very  similar 
to  many  profiles  of  scattering  ratio  obtained  in 
the  nonvolcanic  period  of  the  early  1970's  by 
our  and  other  stratospheric  lidar  groups. 
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PARTICLE  NUMBER  — cm'3  MIXING  RATIO  — no/mg  an  INFERRED  SCATTERING  RATIO 

Figure  6.  Vertical  profiles  of  aerosol  structure  obtained  from  a single  University  of  Wyoming 
balloon  flight  over  Laramie,  Wyoming,  16  September  1972.  (a)  Number  of  particles  with 
radius  greater  than  0.15  iim,  measured  by  balloon-borne  photoelectric  particle  counter. 

(b)  Mixing  ratio  (number  of  particles  per  mg  of  air),  computed  from  particle  number 
profile  in  Figure  6a.  (c)  Scattering  ratio  (1  + [particulate  backscattering  + gaseous 
backscattering]),  computed  from  mixing-ratio  profile  in  Figure  6b  using  an  assumed 
effective  particulate  backscattering  cross-section  of  4.7  X 1011  cm2sr’. 


This  similarity  of  particle  mixing-ratio  and 
scattering-ratio  profiles  is  to  be  expected  if  the 
ratio  op  of  particulate  backscattering  to  balloon- 
measured  particle  number  is  approximately 
independent  of  height  for  any  given  observation. 
In  fact,  several  comparative  lidar/balloon  experi- 
ments made  during  the  nonvolcanic  period  not 
only  demonstrated  that  the  ratio  op  was  approxi- 
mately constant  with  height,  but  also  yielded 
several  values  for  the  ratio  itself  (Northam  et  al., 
1974;  Remsberg  and  Northam,  1975,  1976).  The 
value 

op  = 4.7  X 10'1  lcm2sr*  (X  = 694  nm)  (5) 

may  be  taken  as  representative,  with  a variability 
among  observations  (i.e.,  standard  deviation)  of 
about  30%  of  this  value.  This  value  may  be  used 
to  convert  the  mixing-ratio  profile  of  Figure  6b 
to  a profile  of  inferred  scattering  ratio , as  shown 
in  Figure  6c.  For  the  particular  observation 
shown,  the  maximum  inferred  scattering  ratio  is 
about  10%  greater  than  1 .00,  corresponding  to  a 
maximum  mixing  ratio  of  about  10  particles  P*r 
mg  of  air  (cf.  Figure  6b).  Thus  the  conversion 
factor  of  Eq.  (5)  is  rather  easy  to  remember  - 


one  particle  of  radius  ^ 0.15  pirn)  per  mg  corre- 
sponds to  about  one  percentage  point  of  scatter- 
ing ratio . 

For  the  particular  balloon  profile  shown  in 
Figures  6a  through  6c,  the  minimum  in  scattering 
ratio  occurs  near  10  or  11  km,  and  is  very  close 
to  1.00,  differing  by  less  than  1%.  Since  2%  is  a 
current  typical  experimental  uncertainty  in  lidar- 
measured  scattering  ratio,  we  can  say  that,  for 
this  particular  example,  the  particulate- 
backscattering  coefficient  at  the  level  of  mini- 
mum scattering  ratio  was  truly  negligible 
compared  to  the  molecular -backscattering  coeffi- 
cient. In  other  words,  there  was  a clean  level, 
suitable  for  lidar  calibration,  at  10-1 1 km  on  this 
date. 

However,  aerosol  behavior  is  known  to  be 
quite  variable,  and  thus  the  minimum  observed 
over  Laramie  on  16  September  1972  is  shown 
merely  as  an  example,  and  should  not  be  taken  as 
representative.  To  judge  properly  the  representa- 
tiveness of  this  example,  it  is  necessary  to  repeat 
this  type  of  analysis  for  a number  of  observa- 
tions, spread  over  a period  of  time  - or,  in  other 
words,  to  build  up  a climatology  of  the  behavior 
of  the  minimum  in  scattering  ratio.  Such  an 
extended  analysis  was  performed  by  Russell  et  al. 
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(1974b),  using  as  input  a set  of  balloon  data 
gathered  at  Laramie  over  a period  of  22  months 
and  tabulated  in  a series  of  CIAP  reports.  The 
resulting  values  of  pmin,  which  were  based  on 
the  conversion  factor  given  by  Eq.  (5),  showed 
that  use  of  the  “clean-air”  calibration  procedure 
on  lidar  measurements  made  at  the  time  and 
location  of  the  balloon  soundings  would  have 
introduced  into  scattering-ratio  profiles  a nega- 
tive error  (cf.  Eq.  (4))  that  was  typically  less 
than  0.02.  provided  that  the  range  of  profile 
analysis  included  altitudes  as  low  as  1 0 km.  If, 
however,  the  lidar  analysis  had  been  restricted  to 
altitudes  above  15  km,  or  if  profiles  had  been 
normalized  above  the  major  peak,  then  a larger 
error,  frequently  exceeding  0.04,  would  have 
been  introduced. 

It  should  be  noted  that  the  results  of  Russell 
et  al.  (1974b)  depend  directly  on  the  value  of  the 
conversion  factor  op,  for  which  there  is  appreci- 
able variability  (or  uncertainty)  among  observa- 
tions (see  Eq.  (5)  and  the  accompanying  discus- 
sion). It  is  therefore  desirable  to  obtain  a 
measure  of  the  calibration  error  that  is  indepen- 
dent of  any  specific  value  for  crp.  This  can  be 
done  from  the  balloon  data,  provided  that  errors 
are  expressed  as  fractions  of  the  maximum  value 
of  profiled  quantities.  For  example,  let  us  define 

«p(z)  s |p(z)-p'(z)]  /pmax-  (6) 

(For  any  given  profile.  ep(z)  is  the  error  in  p'( z) 
at  altitude  z.  expressed  as  a fraction  of  the 
maximum  value  of  p in  the  profile.)  Since 

p(z)  - p'(z)  = R(z)  - R'(z),  (7) 

we  have  from  Eq.  (4) 

ep(z)=  R'(z)pmjn/pmax.  (8) 

Then,  assuming  the  op  is  independent  of  height, 
one  can  readily  show  that 

~ rmin^rma\' 

where  rmin  and  rmax  arc  the  minimum  and 
maximum  mixing  ratios  in  the  balloon-observed 
profile.  If  we  then  define 

s = rmin/rmax  ’ 0®) 


we  have,  by  Eq.  (8). 

ep(z)  = R’(z)  s,  (11) 

which  is  independent  of  the  value  of  op  but 
depends  only  on  the  assumption  (verified  by  the 
lidar/balloon  experiments)  that  op  is  approxi- 
mately independent  of  altitude  in  any  given 
observation. 

From  Eq.  (II)  we  see  that  the  probable 
error  in  R'(z)  - 1,  expressed  as  a fraction  of 
Rmax  “ 1’  can  be  assessed  on  the  basis  of  the 
typical  behavior  of  s,  the  ratio  of  minimum  to 
maximum  mixing  ratios  in  balloon-observed  pro- 
files. Values  of  s obtained  front  balloon  profiles 
measured  over  Laramie  during  a 22-month  period 
are  shown  in  Figure  7a.  Most  of  the  values  fall 
below  0.08.  which  implies  (using  Eq.  (II)  and 
typical  nonvolcanic  values  of  R'(z)<  1 .2)  typical 
errors  in  lidar-measured  scattering  ratios  of  less 
than  10%  of  the  peak  value  of  R 1.  However, 
there  is  a definite  seasonal  dependence  to  the 
balloon  data  (cf.  Hofmann  et  al.,  1974b)  such 
that  in  and  around  March  of  both  1972  and  1975 
the  s values  (ratios  of  minimum  to  maximum 
mixing  ratios)  become  somewhat  larger  — in- 
creasing to  as  much  as  18%. 

Figure  8 shows  the  altitudes  at  which  the 
mixing-ratio  minima  of  Figure  7a  occurred.  Most 
of  the  minima  fall  between  5 and  10  km.  with  a 
few  falling  above  the  peak,  near  30  km.  (Note 
that  minima  tend  to  occur  above  the  peak  in  the 
springtime,  when  the  clean  region  normally 
observed  near  the  tropopause  becomes  somewhat 
dirtier).  These  data  show  that,  in  order  to 
observe  most  of  the  minima  shown  in  Figure  7a. 
lidar  observations  would  have  had  to  extend 
below  10  km,  possibly  down  to  5 km.  In  the 
past,  however  (for  a number  of  experimental 
reasons),  stratospheric  lidar  observations  typi- 
cally have  not  been  extended  as  low  as  5 km,  and 
thus  it  is  necessary  to  investigate  the  behavior  of 
the  mixing-ratio  minima  within  the  restricted 
altitude  ranges  used  in  a number  of  lidar 
observations. 

Figure  7b  shows  the  s-values  obtained  within 
the  portion  of  the  balloon  profiles  extending 
above  10  km  (as  well  as  the  values  obtained  in 
Figure  7a  for  the  unrestricted  minima).  Most  of 
the  s-values  for  the  partial  profiles  exceed  the 
values  for  the  complete  profiles.  However,  most 
of  the  values  remain  below  0.10,  and  all  are  less 
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Figure  7.  Minimum  values  of  particle-number  mixing-ratio  profiles  measured  by  University  of 
Wyoming  balloons  over  Laramie,  Wyoming,  October  1972  - July  1973.  X,  minimum 
value  in  complete  profile;  □,  minimum  value  above  10  km;  0,  minimum  value  above 
15  km;  +,  minimum  value  above  20  km.  All  values  are  expressed  as  percentage  of  maxi- 
mum value  in  complete  profile. 


1971  1972  i 1973 


Figure  8.  Altitudes  of  mixing-ratio  minima  shown  in 
Figure  7a. 

(han  0.20,  implying  errors  in  lidar-observed 
scattering  ratio  (cf.  Eq.  (II))  of  less  than  12% 
and  24%,  respectively,  of  Rmax  - 1.  Figure  7c 
shows  s-values  obtained  within  the  portion  of  the 
balloon  profiles  above  15  km.  In  this  case  the 


s-values  become  appreciably  larger,  frequently 
exceeding  0.30.  These  values  indicate  that  if  the 
“clean-air”  calibration  procedure  had  been 
employed  on  lidar  profiles  restricted  to  altitudes 
above  15  km,  the  resulting  errors  in  scattering 
ratio  would  frequently  have  exceeded  30%  of 
^max  — !• 

Figure  7d  shows  s-values  obtained  when 
analysis  is  restricted  to  the  altitude  range  above 
20  km,  to  indicate  errors  that  would  be  intro- 
duced if  the  frequently-observed  minimum  above 
the  major  peak  were  used  for  normalization  in  all 
seasons.  Again,  the  errors  are  quite  large,  fre- 
quently falling  in  the  30%-50%>  range.  It  should, 
however,  be  noted  that  these  errors  may  be 
somewhat  overestimated,  because  often  the 
balloon  data  stop  below  30  km;  if  they  had 
extended  higher,  it  is  probable  that  a smaller 
minimum  would  have  been  encountered.  This 
matter  is  illustrated  in  Figure  9.  which  shows  the 
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altitudes  of  mixing-ratio  minima  in  the  altitude 
range  above  20  km.  Points  circled  in  Figure  9 
indicate  minima  that  occurred  at  the  highest 
altitude  from  which  balloon  data  were  received. 
Numerous  lidar  and  balloon  observations  of  the 
25-to-30-km  region  indicate  that  mixing  ratios 
(and  scattering  ratios)  typically  decrease  with 
increasing  height  in  this  region.  However,  in  a 
significant  number  of  cases,  balloon  data  were 
available  above  28  km,  and  the  s-value  still 
exceeded  20%.  And  in  a number  of  other  cases, 
indicated  by  the  four  non-circled  crosses  near 
22  km,  the  mixing-ratio  minimum  occurred  at  an 
altitude  at  which  the  peak  usually  occurs.  In 
these  cases,  the  mixing  ratio  never  really  de- 
creased above  the  usual  peak  altitude,  but  re- 
mained essentially  constant,  or  actually  in- 
creased. This  type  of  behavior,  while  atypical, 
has  also  been  noted  in  some  of  the  SRI  lidar 
observations  (Russell  et  al„  1974a,  1975a)  and 
several  times  in  the  data  of  Young  and  Elford 
(1975).  (See  also  profile  FGSW  in  Figure  2 of 
this  paper.) 


Figure  9.  Altitudes  of  mixing-ratio  minima  above 
20  km  shown  in  Figure  7d.  Circled  points 
indicate  minima  that  occurred  at  highest 
altitude  of  balloon  data. 


Error  Summary 


The  balloon  data  used  in  the  above  analysis 
apply  strictly  only  to  the  times  shown,  and  to 
one  location,  Laramie,  Wyoming,  at  42°N.  The 
Laramie  location  was  chosen  as  being  the 
balloon-launch  site  at  which  aerosol  behavior 
best  approximated  that  at  the  latitude  (37.5°N) 
of  the  SRI  lidar  observations.  The  balloon  data 
indicate  that,  during  the  nonvolcanic  period,  the 
mixing-ratio  minimum  typically  occurred  in  the 


506 


altitude  region  near  (not  necessarily  at)  the 
tropopause,  and  that  pre-Fuego  lidar  observa- 
tions should  have  been  extended  down  to  alti- 
tudes of  10  km  or  below  in  order  to  observe  as 
frequently  as  possible  the  true  minimum  in 
scattering  ratio.  Lidar  observations  with  lower 
bounds  of  10  km  or  less  would  have  typically 
underestimated  scattering  ratios  by  less  than  10% 
of  the  peak  value  of  R - 1 . However,  there 
appears  to  be  a definite  seasonal  variation  in  the 
balloon  data  (Hofmann  et  al.,  1974b),  and 
underestimations  of  20%  of  Rmax  - 1 could 
have  been  encountered  in  the  springtime.  Lidar 
normalizations  conducted  at  altitudes  of  15  km 
or  above  would  frequently  have  missed  the 
balloon-measured  mixing-ratio  minimum  and 
introduced  errors  sometimes  exceeding  30%  of 
Rmax  - 1,  thus  leading  to  a significant  under- 
estimation of  true  scattering  ratios  and  particu- 
late backscattering  coefficients. 

Similar  analyses  could  be  performed  on 
balloon  data  from  other  launch  sites  to  estimate 
lidar  errors  in  nearby  geographical  areas.  (Eleven 
stations,  ranging  from  85°N  to  the  South  Pole, 
were  used  in  the  University  of  Wyoming  global 
monitoring  program.)  By  the  same  token,  more 
recent  balloon  data,  acquired  after  the  late-1974 
volcanic  intrusion,  would  be  required  to  estimate 
accurately  the  “clean-air”  calibration  errors 
appropriate  to  the  new  postvolcanic  stratosphere. 
Since  values  of  RTnax  - 1 have  increased  dramat- 
ically (by  a factor  of  =®10)  in  the  new  post- 
volcanic  period  (e.g.,  McCormick  and  Fuller, 
1975;  Fegley  and  Ellis,  1975;  kemsberg  and 
Northam  1976;  Russell  et  al.,  1975b),  it  is 
expected  that  errors,  expressed  as  a fraction  of 
Rmax  ~ *’  wou'd  be  smaller  than  those  in  the 
nonvolcanic  period,  but  this  remains  to  be 
demonstrated. 

ACKNOWLEDGMENTS 

The  stratospheric  lidar  observations  des- 
cribed in  this  paper  were  supported  by  the 
Climatic  Impact  Assessment  Program  of  the  U.S. 
Department  of  Transportation  through  NASA 
Ames  Research  Center.  The  data  summary,  com- 
parison with  previous  observations,  and  error 
assessment  of  the  “clean-air”  calibration  pro- 
cedure were  supported  by  Stanford  Research 
Institute  through  internal  research  funds.  We  are 
grateful  to  W.  Sedlacek  and  D.  Briehl  for  making 


4 


I 


RUSSELL,  VIEZEE,  HAKE,  AND  COLLIS 


their  aircraft  data  available  prior  to  publication, 
and  to  J.  Rosen  for  providing  the  University  of 
Wyoming  reports  on  stratospheric  balloon  data. 
The  format  of  Figure  3,  and  much  of  the  data 
therein,  are  adopted  from  the  publication  of  Fox 
et  al.  (1973). 

REFERENCES 

Cadle,  R.D.,  and  Grams,  G.W.  (1975),  “Stratospheric 
aerosol  particles  and  their  optical  properties,”  Rev. 
Geophys.  Space  Phys.  13,  475-501. 

Castleman,  A.W.,  Jr.  (1974),  “Nucleation  processes  and 
aerosol  chemistry,”  Space  Sci.  Rev.  15,  547-589. 

Clemesha,  B.R.,  G.S.  Kent,  and  R.W.H.  Wright  (1966). 
“Laser  probing  of  the  lower  atmosphere.”  Nature 
237,  328-329. 

Clemesha,  B.R.,  and  S.N.  Rodrigues  (1971).  "The 
stratospheric  scattering  profile  at  23"  south."  J. 
Atmos.  Terr.  Phys.  33.  1 1 1 9- 1 1 24. 

Collis,  R.T.H.,  and  M.G.H.  Ligda  (19661.  “Note  on  lidar 
observations  of  particulate  matter  in  the  strato- 
sphere,” J.  Atmos.  Sci.  23.  255-257. 

Cronin.  J.F.  (1971),  “Recent  volcanism  and  (he  strato- 
sphere," Science  172,  847-849. 

Deirmendjian,  D.  (1969).  Electromagnetic  Scattering  on 
Spherical  Polydispersions,  American  Elsevier.  New 
York.  290  pp. 

F.lterman,  L.  (1968),  “LTV,  Visible  and  1R  Attentuation 
for  Altitudes  to  50  km,  1968,”  AFCRL-68-01 53, 
Environmental  Research  Paper  No.  285,  Air  Force 
Cambridge  Research  Laboratory,  Bedford,  MA. 

F.lterman.  L.,  R.B.  Toolin,  and  J.D.  Essex  (1973), 
“Stratospheric  aerosol  measurements  with  implica- 
tions for  global  climate.”  Appl.  Opt.  12,  330-337. 

Fegley,  R.W.,  and  H.T.  Ellis  (1975),  “Lidar  observation 
of  a stratospheric  cloud  layer  in  the  tropics,” 
Geophys.  Res.  Letters  2.  139-141. 

l ernald,  F.G.,  C.L.  Frush,  and  B.G.  Schuster  (1974), 
“Airborne  lidar  measurements  of  the  distribution 
of  stratospheric  aerosols,"  in  Proceedings  of  the 
Third  Conference  on  the  Climatic  Impact  Assess- 
ment Program  (Cambridge,  MA),  U.S.  Dept,  of 
Transportation,  DOT-TSC-OST-74-15,  318-322. 

Fox,  R.J.,  G.W.  Grams,  B.G.  Schuster,  and  J.A. 
Weinman  (1973),  “Measurements  of  stratospheric 
aerosols  by  airborne  laser  radar,”  J.  Geophys.  Res. 
78.  7789-7801. 


Grams,  G.W.  (1966),  “Optical  Radar  Studies  of  Strato- 
spheric Aerosols,”  thesis,  Dept,  of  Meteorology, 
Mass.  Inst,  of  Tech.,  133  pp. 

Grams,  G.W.,  and  G.  Fiocco  (1967),  “Stratospheric 
aerosol  layer  during  1964  and  1965,”  J.  Geophys. 
Res.  72,  3523-3542. 

Hofmann,  D.J.,  J.M.  Rosen,  T.J.  Pepin,  and  J.L. 

Kroening  (1972),  “Global  monitoring  of  strato- 
spheric aerosol,  ozone,  and  water  vapor,”  Progress 
Report  dated  June  1972,  Dept,  of  Physics  and 
Aston.,  Univ.  of  Wyoming,  Laramie.  Wyoming. 

Hofmann.  D.J.,  J.M.  Rosen,  T.J.  Pepin,  and  J.L. 

Kroening  (1973),  “Global  monitoring  of  strato- 

spheric aerosol,  ozone,  and  water  vapor.”  Progress 
Reports  dated  April  and  June  1973,  Dept,  of 
Physics  and  Astron.,  Univ.  of  Wyoming,  Laramie, 
Wyoming. 

Hofmann.  D.J.,  J.M.  Rosen,  T.J.  Pepin,  and  J.L. 

Kroening  (1974a),  “Global  monitoring  of  strato- 
spheric aerosol,  ozone,  and  water  vapor,”  Progress 
Report  dated  February  1974,  Dept,  of  Physics  and 
Astron.,  Univ.  of  Wyoming,  Laramie,  Wyoming. 

Hofmann,  D.J..  J.M.  Rosen,  T.J.  Pepin,  and  R.G. 
Pinnick  (1974b),  “Stratospheric  aerosol  measure- 
ments I : Time  variations  at  northern  midlatitudes.” 
J.  Atmos.  Sci.  32.  1446-1456. 

McCormick,  M.P..  and  W.H.  Fuller,  Jr.  (1975),  “Lidar 
measurements  of  two  intense  stratospheric  dust 
layers,”  Appl.  Opt.  14,  4-5. 

Northam,  G.B.,  J.M.  Rosen,  S.H.  Melfi,  T.J.  Pepin,  M.P. 
McCormick,  D.J.  Hofmann,  and  W.H.  Fuller,  Jr. 
(1974),  “Dustsonde  and  lidar  measurements  of 
stratospheric  aerosols:  a comparison,”  Appl.  Opt. 
13,  2416-2421. 

Ottway,  M.T.  (1972),  “Laser  radar  observations  of  the 
20-km  aerosol  layer,”  presented  at  the  Fourth 
Conference  on  Laser  Atmospheric  Studies,  Tucson. 
Ariz. 

Pinnick,  R.G.,  J.M.  Rosen,  and  D.J.  Hofmann  (1975), 
“Stratospheric  aerosol  measurements  111:  Optical 
model  calculations,”  J.  Atmos.  Sci.  33,  304-314. 

Ouiroz,  R.S.  (1975).  “The  stratospheric  evolution  of 
sudden  warmings  in  1969-74  determined  from 
measured  infrared  radiation  fields,”  J.  Atmos.  Sci. 
32,  211-224. 

Remsberg,  E.E.,  and  G.B.  Northam  (1975),  “A  Com- 
parison of  Dustsonde  and  LIDAR  Measurements  of 
Stratospheric  Aerosols,"  Final  Report,  Interagency 
Agreement  DOT-AS-20062,  NASA  Langley  Re- 
search Center,  Hampton,  VA  23665. 


507 


RUSSELL,  VIEZEE,  HAKE,  AND  COLLIS 


Remsberg,  E.E.,  and  G.B.  Northam  (1976),  “A  com- 
parison of  dustsonde  and  LIDAR  measurements  of 
stratospheric  aerosols,"  in  this  volume. 

Russell,  P.B.,  W.  Viezee,  and  R.D.  Hake,  Jr.  (1974a), 
“Lidar  Measurements  of  Stratospheric  Aerosols 
over  Menlo  Park,  California;  October  1972  - March 
1974,”  Final  Report,  SRI  Project  2217,  Stanford 
Research  Institute,  Menlo  Park,  CA. 

Russell,  P.B.,  W.  Viezee,  R.D.  Hake,  Jr.,  and  R.T.H. 
Collis  (1974b),  “Credibility  and  significance  of 
lidar  observations  of  the  stratospheric  aerosol,” 
presented  at  the  Sixth  Conference  on  Laser  Atmo- 
spheric Studies,  3-6  September,  Sendai,  Japan. 

Russell,  P.B.,  W.  Viezee,  R.D.  Hake,  Jr.,  and  R.T.H. 
Collis  (1976a),  “Lidar  observations  of  the  non- 
volcanic  stratospheric  aerosol:  California,  October 
1972  - March  1974,"  Quart.  J.  Roy.  Meteor. 
Soc.  102,619-639. 


Russell.  P.B.,  W.  Viezee,  and  R.D.  Hake.  Jr.  (1976b), 
“Lidar  observations  of  the  post-Fuego  strato- 
spheric aerosol,"  Final  Report,  SRI  Project  4019, 
Stanford  Research  Institute,  Menlo  Park,  California 
94025. 

Schuster.  B.G.  (1970),  “Detection  of  tropospheric  and 
stratospheric  aerosol  layers  by  optical  radar 
(lidar),"  J.  Geophys.  Res.  75,  3123-3132. 

Young,  S.A.,  and  W.G.  Elford  (1975),  "Laser  observa- 
tions of  stratospheric  aerosols  at  Adelaide  (35°S), 
1969-73,"  Internal  Report  ADP  119,  Dept,  of 
Physics,  llniv.  of  Adelaide,  Adelaide,  Australia. 

Volz,  F.E.  (1970),  “On  dust  in  the  tropical  and 
midlatitude  stratosphere  from  recent  twilight 
measurements,”  J.  Geophys.  Res.  75,  1641-1646. 

Volz,  F.E.  (1974),  “Stratospheric  background  aerosol 
from  twilight  data”  (draft  manuscript). 


I S.  Depart  went  of  Transportation 


Fourth  Conference  on  C/AP,  February  IV  75 


A COMPARISON  OF  DUSTSONDE  AND 
LIDAR  MEASUREMENTS  OF  STRATOSPHERIC  AEROSOLS 


ELLIS  E.  REMSBERG  ANDG.  BURTON  NORTHAM 
Environmental  am!  Space  Sciences  Division 
NASA  l. angle y Research  Center 
Hampton,  Virginia 


ABSTRACT:  This  paper  describes  the  results  and  analysis  of  an  experiment  to  compare  the 
stratospheric  aerosol  profiles  as  measured  by  a balloon-borne  in-sit u particle  counter  and  by  the 
backscattered  light  from  a ground-based  laser  radar  (lidar)  operating  at  a wavelength  of  694.3  nm.  The 
profiles  agree  within  the  experimental  errors  for  particles  with  radii  greater  than  0.25  gm  and  for 
altitudes  between  15  and  28  km. 

following  the  calibration  tests,  the  lidar  was  used  to  monitor  the  stratospheric  aerosols  at 
Hampton,  Virginia.  Enhanced  backscatter  appeared  sporadically  in  November  and  December  of  1974 
over  Hampton;  scattering  ratios  averaged  over  altitude  increments  of  450  meters  range  from  1.10  at 
20  km  in  early  November  to  3.3  at  1 7 km  on  December  18.  This  enhanced  buckscattering  is  attributed 
to  the  aerosols  associated  w ith  the  eruption  of  the  Euego  volcano  in  Guatemala  in  mid-October. 


INTRODUCTION 

Various  measurement  techniques  are  being 
used  to  characterize  the  natural  level  and  variabil- 
ity of  the  stratospheric  aerosol  as  a part  of  the 
DOT  Climatic  Impact  Assessment  Program 
(CIAP).  Northam  et  al.  ( 1074)  reported  on  an 
initial  comparative  experiment  at  Laramie, 
Wyoming  in  1972  using  lidar  backscatter  returns 
and  a University  of  Wyoming  dustsonde  measure- 
ment. That  particular  experiment  indicated  rela- 
tive agreement  between  the  two  methods,  but 
further  refinements  in  the  lidar  were  deemed 
desirable. 

Improvements  in  the  Langley  Research  Cen- 
ter 48-inch  lidar  system  were  made  and  another 
comparative  experiment  was  conducted  on  May 
7-8,  1974,  at  San  Angelo,  Texas.  This  particular 
site  was  chosen  because  it  was  near  the  site  of  a 
more  comprehensive  stratospheric  measurements 
program  - the  balloon  LACATE  (Lower  Atmo- 
spheric Composition  and  Temperature  Expe- 
riment) tests.  The  first  part  of  this  paper  de- 
scribes the  results  and  analysis  of  an  experiment 
designed  to  compare  the  stratospheric  aerosol 
profiles  as  measured  by  a balloon-borne  in-situ 
particle  counter  and  by  the  backscattered  light 
from  a ground-based  laser  radar  (lidar)  operating 
at  a wavelength  of  694.3  nm.  The  second  part  of 
the  paper  presents  the  results  and  analysis  of  the 
lidar  data  obtained  at  Hampton,  Virginia  from 


October  1974  to  February  1975.  The  enhance- 
ment in  backscattering  observed  during  this 
period  corresponds  to  the  arrival  of  the  strato- 
spheric dust  associated  with  the  mid-October 
eruptions  of  Volcan  de  Fuego  in  Guatemala. 

MEASUREMENT  TECHNIQUES 

The  pulsed  lidar  system  measures  aerosol 
plus  molecular  backscatter  from  the  lower  strato- 
sphere, while  the  balloon-borne  dustsonde  de- 
tects aerosols  in  situ  as  the  balloon  ascends.  The 
dustsonde  provides  an  indication  of  both  aerosol 
size  distribution  and  aerosol  concentration  as  a 
function  of  altitude.  Independent  knowledge  of 
the  molecular  density  is  supplied  by  a balloon- 
borne  radiosonde,  and  this  information  enables 
one  to  separate  molecular  and  aerosol  contribu- 
tions in  the  laser  backscatter  signal.  The  dust- 
sonde and  the  lidar  systems,  and  data  reduction 
techniques,  are  described  and  discussed  by 
Northam  et  al.  (1974). 

DUSTSONDE-LIDAR  COMPARISONS 

The  time  line  for  the  lidar  data  and  the 
dustsonde  and  temperature-sonde  launches  for 
the  San  Angelo  comparative  measurements  is 
shown  in  Table  1.  Over  800  laser  soundings  were 
made,  and  the  data  obtained  with  the  dustsonde 
and  thermistor  are  examined  along  with  the 
concurrent  laser  firings. 
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Table  1.  San  Angelo  Measurements  on  May  7-8,  1974 
Initial  Time  (MDT)  Number  of  Shots 


LIDAR  Soundings: 


May  7 

2035 

50 

2102 

50 

2223 

60 

2333 

300 

May  8 

0122 

70 

0158 

100 

0236 

130 

0328 

100 

Dustsonde: 

May  8 

0200 

0) 

Temperature  Sonde 

May  7 

2330 

(1) 

Figures  t through  3 present  aerosol  return 
data  for  100  shots  at  0330-0400  MDT  on  the 
morning  of  May  8,  1974.  These  laser  firings 
coincide  most  closely  with  the  ascent  through 
the  lower  stratosphere  of  the  University  of 
Wyoming  dustsonde  (launch  0200  MDT).  Figures 
2 and  3 illustrate  the  scattering  ratio  and  aerosol 
backscattering  function  profiles,  respectively,  for 
the  data  shown  in  Figure  1.  A scattering  ratio  of 
1.0  would  correspond  to  no  aerqsol;  any  excess 
would  then  be  representative  of  the  aerosol 
loading  only.  Error  bars  represent  the  95% 
confidence  interval  for  the  mean  of  the  data. 


t f) 

a: 


ss 


3 

a 


figure  1.  Range-corrected  lidar  return,  San  Angelo, 
Texas,  May  8,  1974.  Solid  line,  average 
range-corrected  return  signal;  broken  line, 
calculated  range-corrected  lidar  return 
signal  expected  from  the  molecular 
atmosphere. 


Figure  2.  Scattering-ratio  profile.  San  Angelo. 

Texas,  May  8,  1974. 

Northam  et  al.  (1974)  discuss  the  lidar 
equation  and  its  subsequent  use  in  the  calcula- 
tion of  scattering  ratio  Rs  and  the  aerosol 
backscattering  function  fa.*  The  scattering-ratio 
profile  in  Figure  2 is  the  result  of  averaging 
returns  over  altitude  increments  of  0.45  km, 
which  are  comparable  with  the  vertical  resolution 
available  from  the  dustsonde  on  this  launch. 
Since  each  range  bin  for  the  lidar  data  covers  an 
altitude  of  15  meters,  this  represents  a 30-point 
average  in  altitude.  The  total-backscatter  profile 
is  normalized  to  the  molecular  profile  between 
28  and  31  km.  This  normalization  process  gives 
the  scattering-ratio  Rs  profiles  shown  in  Figure 
2.  A bulge  in  the  Rs  profile  occurs  between  18 


* The  symbols  used  in  this  paper  will  be: 

Rs  scattering  ratio 

fa  aerosol  backscattering  function 

o„  aerosol-backscattcr  cross-section 

Na  aerosol  number  density 

Nm  molecular  number  density 

mo  locular- back  scat  ter  cross-section 
Ri  gradient  Richardson  number 

Z range  from  lidar 

V voltage 

E transmitted  energy  per  pulse 

K wavelength 

r particle  radius 
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AEROSOL  SCATTERING  FUNCTION  . <A  (m*1  v‘  ) 

Figure  3.  Aerosol  backscattering-t unction  profile, 
San  Angelo,  Texas,  May  8,  1974. 

and  24  km;  its  peak  value  is  only  1.07,  which 
indicates  relatively  low  aerosol  content. 

A scattering  ratio  of  less  than  1 .0  exists  at 
1 1 kilometers  in  Figure  2.  This  may  be  a result  of 
two  systematic  effects.  It  is  possible  that  the 
rawinsonde  temperature  profile  applied  to  the 
calculation  of  molecular  densities  was  in  error. 
However,  a deviation  in  scattering  ratio  of  0.03 
would  represent  an  error  of  6K  in  measured 
temperature,  an  unusually  large  error.  It  is  more 
likely  that  this  scattering-ratio  minimum  is  a 
result  of  normalizing  the  total-backscatter  profile 
to  the  expected  backscatter  calculated  for  the 
molecular  atmosphere  between  28  and  31  km.  In 
this  particular  profile  the  1 1-km  minimum  would 
have  been  more  appropriate  for  the  normaliza- 
tion. Further  discussion  on  this  topic  will  appear 
later  in  this  report. 

Figure  3 is  a plot  of  aerosol  backscattering 
function  ^(m^sr1),  a quantity  directly  propor- 
tional to  the  aerosol  concentration  or  number 
density,  if  the  aerosol  characteristics  such  as  size 
distribution,  composition  or  index  of  refraction, 
and  particle  shape  remain  constant  with  altitude. 
This  quantity  fa  is  defined  as  the  product  of 
backscatter  cross-section  oa(m2sr'1)  and  particle 
concentration  Na(m'3). 

In  Figures  4 and  5 the  fa  profile  is  compared 
directly  with  particle  counts  (Na)  measured  with 
the  Wyoming  dustsonde.  The  comparison  in 
Figure  4 for  particles  greater  than  0.15  pm  in 
radius  gives  best  agreement  in  the  20-km  region 
when  one  particle/cm2  corresponds  to  a value  of 


fa=4X  10'9m'1sr"1.  Agreement  is  not  within 
the  error  bars  of  the  two  techniques  above  about 
22  km.  Figure  5 shows  the  comparison  for 
particles  with  radii  greater  than  0.25  /am.  The 
correlation  in  Figure  5 is  even  better,  especially 
at  the  higher  altitudes,  indicating  that  the  lidar 
wavelength,  694.3  nm,  may  exhibit  sensitivity  to 
the  particle  size  distribution  with  height.  Par- 
ticles with  radii  greater  than  0.25  pm  exhibit 
correspondence  when  1 particle/cm3  is 
equivalent  to  fa  = 1 .8  X lO'^m'1  sr 1 . 


AEROSOL  SCATTERING  FUNCTION  »a(mHlrH) 


004  01  02  4 6 0'  2 4 CSC 

NUMBER  OF  PARTICLES  (cm*3)  (r>0l5yum  ) 


Figure  4.  Comparison  of  LIDAR  and  dustsonde 
profiles  for  particles  with  radii  greater 
than  0.1S  4m. 


AEROSOL  SCATTERING  FUNCTION  fA(m'vH) 


004  Oi  0«  04  MOO  1 f 4 « • . ) « 

NUMBER  OF  PARTICLES  (cm*3)  (r>0  2!>  4m) 

Figure  5.  Comparison  of  LIDAR  and  dustsonde 
profiles  for  particles  with  radii  of  greater 
than  0.25  4m. 
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Figure  6 presents  a comparison  between  the 
particle  profile  used  in  Figure  5 and  300  laser 
firings  taken  earlier  on  May  7-8  (2330-0115 
MDT)  at  San  Angelo.  Features  are  still  roughly 
the  same  except  for  a continually  changing  cirrus 
structure  at  9 km  during  that  night. 


i i Min 1 — l i i nri 1 — i — i i i 1 1 1 1 1 — i — i 

004  01  00  04  00  00  I 2 4401  2 4 

NUMBER  OF  PARTICLES  (cm-5)  (r>0  25  /jm) 


Figure  6.  Comparison  of  LIDAR  and  dustsonde 
profiles  for  300  laser  firings  and  particles 
greater  than  0.25  urn  radius. 

Figure  7 shows  the  mixing-ratio  profile  data 
from  Rosen  (1974)  for  particles  greater  than 
0.15  pm  and  greater  than  0.25  pm  in  radius  from 
the  San  Angelo  experiments.  Russell  et  al.  (1975) 
show  that  the  mixing-ratio  profiles,  for  particles 
with  radii  0.15  pm  and  greater,  have  a minimum 
at  tropopause  altitudes  (near  10  km  for  the 
Laramie  data);  they  therefore  justify  clean-air 
normalization  at  those  heights.  However,  the 
May  8 data  reported  herein.  Figures  4 and  5, 
indicate  a better  lidar-dustsonde  profile  agree- 
ment for  particles  greater  than  0.25  pm  in  radius. 
This  trend  is  examined  further  in  Figure  7.  For 
the  larger  particles  a minimum  appears  above  the 
20-km  layer,  whereas  the  mixing-ratio  profile  for 
the  smaller  particles  displays  minima  of  com- 
parable magnitude  at  12-16  km  and  at  28  km. 
Thus  for  this  set  of  observations  on  May  8,  it  is 
slightly  preferable  to  normalize  the  data  to  air 
densities  at  the  higher  altitude,  28  km.  This 
altitude  also  corresponds  to  the  maximum  height 
of  the  rawinsonde  profile.  Consequently,  all  of 


the  data  in  this  paper  are  normalized  at  the 
higher  altitudes.  In  order  to  make  such  an 
extrapolation  for  this  larger  quantity  of  data, 
however,  it  seems  important  to  re-evaluate 
mixing-ratio  minima  in  light  of  the  findings  of 
Russell  et  al.  (1975).  The  normalization  process 
does  not  in  itself  insure  that  no  aerosol  exists  at 
regions  of  scattering-ratio  minima,  but  the  sys- 
tematic errors  involved  are  in  most  cases  much 
less  than  209?. 


MIXING  RATIO  No  "xj  AIR  M'XING  RATIO  No  K)  AIR 

CHAHMi  t r»0  CMANNU  II  r»0  ?5gm 

Figure  7.  Aerosol  mixing-ratio  profiles  for  deter- 
mining clean-air  calibration  regions,  San 
Angelo,  Texas,  May  8,  1974. 

TEMPORAL  AEROSOL  MEASUREMENTS 
AT  HAMPTON,  VIRGINIA 

With  the  confidence  gained  from  the  San 
Angelo  comparison  experiments,  data  were  taken 
using  the  Langley  48-inch  lidar  from  October 
1974  to  February  1975  at  Hampton,  Virginia. 
The  temporal  variations  in  those  data  are  pre- 
sented in  the  following  section  of  this  paper.  To 
emphasize  the  changes  that  have  occurred  in  the 
aerosol  load  during  1974,  a scattering-ratio  pro- 
file from  the  May  7-8  San  Angelo  comparative 
experiment  is  shown  in  Figure  8a  on  a reduced 
scattering-ratio  scale.  Figure  8b  displays  a similar 
profile  for  January  2,  1975  on  the  same  scale. 
The  marked  increase  is  believed  to  be  due  to  a 
large  dust  incursion  from  the  mid-October  erup- 
tions of  Volcan  de  Fuego  in  Guatemala  (Meinel 
and  Meinel,  1975).  Observations  at  Hampton 
Virginia  were  being  conducted  both  before 
(serving  as  a baseline)  and  during  the  enhance- 
ment of  the  dust  layer. 

The  temporal  variation  of  this  dust  layer  is 
illustrated  in  Figure  9.  These  plots  display  rela- 
tive aerosol  column  densities  for  the  indicated 
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a.  May  7,  1974. 


b.  January  2,  1975. 

Figure  8.  Scattering-ratio  profiles. 

altitudes.  Quantities  on  the  ordinates  represent 
summations  over  I -km  increments  of  (RS(Z)  - 1) 
Nm(z),  where  Rs(z)  is  the  average  scattering  ratio 
and  Nm(z)  is  the  molecular  number  density  in 
cm'3.  Thus  in  Figure  10  the  relative  aerosol 
column  density  applies  to  an  8-km-deep  column 
of  1-cm2  cross-section.  The  quantity  on  the 


ordinate  is  then  equivalent  to  (ajam)  Na(z), 
where  aa  and  am  are  aerosol  and  molecular  cross- 
sections,  respectively,  and  Na(z)  is  the  aerosol 
number  density. 

Figure  9a  illustrates  the  temporal  variation 
in  the  total  stratospheric  aerosol  burden  between 
13  and  21  km  through  January.  The  significant 
variability  in  the  aerosol  is  shown  in  more  detail 
in  Figure  9b.  A dust  layer  of  as-yet-unexplained 
origin  was  present  at  15  km  on  October  10,  the 
first  night  that  the  lidar  was  operational  at 
Hampton  after  the  San  Angelo  experiment.  The 
first  indications  of  more  significant  enhancement 
are  on  November  14  in  the  13-16  km  region  and 
on  the  26th  of  November  (McCormick  and 
Fuller,  1975)  at  17  to  20  km.  However,  aerosol- 
burden  fluctuations  continued  until  December 
18,  when  a strong  return  from  all  three  altitude 
regions  contributed  to  the  maximum  observed 
aerosol  burden.  A peak  scattering  ratio  of  3.3 
was  present  at  17  km  on  December  18.  During 
January  the  low-level  aerosol  features  subsided, 
but  the  16  to  21  km  regions  exhibited  a single 
consistently  strong  layer  (typical  of  the  data 
shown  in  Figure  8b)  as  though  the  "Junge  layer” 


OOOK*  NOVt  MU#  MCtWKt  IMUM* 


a.  Total  loading. 


b.  Loading  for  three  altitude  ranges. 


Figure  9.  Variations  of  aerosol  loading  for  Flamp- 
ton,  Virginia  (1974-75). 
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had  become  reestablished.  Whereas  lines  have 
been  used  to  connect  the  data  points  in  Figure  9, 
it  is  quite  possible  that  fluctuations  between 
adjacent  observations  exist.  For  instance,  no  data 
were  taken  on  24  and  25  November,  but  visual 
observations  of  striated  dust  layers  did  occur  at 
sunset  on  those  days.  Lidar  data  were  recorded 
only  on  November  22,  26,  and  28  during  that 
period. 

A more  detailed  evaluation  of  the  aerosol 
variability  in  Figure  10  can  be  made  by  consider- 
ing data  for  December  5,  10,  and  17,  where  the 
column  load  exhibits  a slowly  increasing  trend. 
In  Figure  10  complementary  plots  of  scattering 
ratio  and  70-mb  circulation  patterns  are  pre- 
sented for  the  three  dates.  On  both  December  5 
and  10,  Rs  values  do  not  exceed  1.4  and  the  flow 
patterns  are  predominantly  west-to-east  over 
Virginia.  However,  on  December  17  the  flow 
shifted  to  a strong  southwesterly  pattern  with 
substantial  confluence  of  the  isolines  (flow  con- 
sidered parallel  to  lines  of  constant  height)  over 
Virginia.  The  corresponding  Rs  profile  displays  a 
marked  increase  and,  in  fact,  on  the  night  of 
December  18  the  largest  observed  aerosol  loading 
occurred.  This  sequence  indicates  that  the  dust 
was  being  transported  from  latitudes  south  of 
Virginia  and  is  consistent  with  the  postulated 
volcanic  source  in  Guatemala  (15°N  latitude).  If 
the  Fuego  volcanic  source  is  correct,  the  lati- 
tudinal spread  of  the  dust  had  already  resulted  in 
t more  uniform  dust  amounts  during  January  over 
Virginia. 

Investigations  of  the  effects  of  the  tempera- 
ture profile  on  aerosol  structure  have  been 
conducted  and,  as  shown  in  Figures  I la  and  1 lb, 
a positive  correlation  exists  between  temperature 
inversions  and  increases  in  aerosol  concentration. 
However,  in  Figure  1 lc  no  inversion  was  present 
in  the  low-resolution  rawinsonde  temperature 
data  even  though  significant  dust  loads  were 
present.  Of  course,  the  vertical  structuring  that 
occurs  can  be  due  to  strong  vertical  wind  shear  as 
well  as  to  the  temperature  gradients.  The  gradi- 
ent Richardson  number,  Ri,  a measure  of  turbu- 
lent exchange,  includes  both  of  these  effects. 
Reliance  on  Ri  to  relate  aerosol  structure  to 
turbulence  requires  comparable  spatial  measures 
of  both  temperature  and  wind,  requiring  a data 
transmission  rate  that  is  normally  not  reported 
for  rawinsondes.  The  scattering-ratio  data  in 
Figure  1 1 have  been  averaged  over  ten  points  in 


altitude  (150  meters)  to  emphasize  any  real 
aerosol  structure. 


a.  December  5,  1974 


b.  December  10.  1974. 


Figure  10.  Scattering-ratio  profiles  and  circulation 
patterns. 
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TEMPERATURE  *C  TEMPERATURE  '®C  1 


a.  January  2,  1975. 


b.  January  9,  1975. 


TEMPERATURE  T*CI 


c.  January  14.  1975. 

Figure  11.  Effect  of  temperature  on  aerosol  structure. 


once  the  latter  has  been  included  a more 
thorough  analysis  of  the  features  at  25  km  can  be 
achieved. 

For  the  scattering-ratio  profiles  obtained 
since  October  1974  it  is  tempting  to  apply  the 


r 

•v 


In  Figure  lib  a significant  scattering  ratio 
appears  at  25  km  and  is  of  a greater  magnitude 
than  the  peak  values  observed  in  May  at  20  km. 
Although  this  data  has  not  been  properly  cor- 
rected for  intervening  atmospheric  extinction, 
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calibration  factors  reported  in  Figures  4 and  5 
relating  aerosol  backscattering  function  and  par- 
ticle concentration.  In  this  way  one  could  derive 
particle-concentration  profiles  from  the  lidar 
data.  However,  the  two  profile  conversion  factors 
at  San  Angelo,  Texas  (Figures  4 and  5)  are 
appropriate  to  an  aerosol  layer  composed  of 
particles  whose  composition  and  size  distribution 
are  very  different  from  those  of  the  present 
enhanced  aerosol.  In  fact,  dustsonde  measure- 
ments made  in  December  1974  at  Wyoming 
indicate  that  the  size  distribution  also  varies  with 
altitude  in  the  stratosphere;  the  conversion  factor 
would  then  vary  with  altitude.  Thus,  in  order  to 
relate  present  aerosol  backscatter  to  particle 
concentration,  another  intercomparison  experi- 
ment would  be  necessary. 

The  long-term  trends  in  the  magnitude  of 
the  20-km  layer  are  shown  in  the  following  two 
fig  ires.  (See  Clemesha  et  al.  (1966),  Clemesha 
and  Rodriques  (1971),  Fernald  et  al.  ( 1974),  Fox 
et  al.  (1973),  Grams  and  Fiocco  (1967),  Hirono 
et  al.  (1974),  Northam  et  al.  (1974),  Russell 
(1975),  Schuster  (1970),  and  Young  and  Elford 
(1975).)  A history  of  average  maximum  scatter- 
ing ratio  for  the  20-km  region  is  plotted  in  Figure 
1 2a.  On  the  ordinate  is  listed  maximum  scatter- 
ing-ratio minus  one  (Rs  — 1.0).  This  graph  is  an 
accumulation  of  observations  by  various  lidar 
groups  over  a ten-year  period.  Vertical  bars  on 
the  symbols  indicate  the  range  of  values  record- 
ed, while  horizontal  bars  show  the  period  of  time 
over  which  backscatter  measurements  were  ob- 
tained. The  general  decline  of  aerosol  content  has 
continued  since  the  Agung  volcanic  event  in 
March  of  1963. 

Figure  12b  indicates  that  the  number  of 
measurements  has  increased  during  the  time  that 
the  CIAP  program  has  been  going  on,  although 
not  all  groups  have  been  funded  by  the  Depart- 
ment of  Transportation.  Minimum  measured 
values  arc  represented  by  scattering  ratios  of  1.05 
to  1.10.  Among  the  observations  reported  in  this 
paper  (which  are  plotted  as  code  RN),  minimal 
values  existed  at  Hampton,  Virginia  in  March  and 
October  1974  and  at  San  Angelo,  Texas  in  May 
1974.  Dramatic  increases  then  occurred  in  Nov- 
ember and  December  at  Hampton,  though  the 
variability  was  still  high,  as  is  evidenced  by  the 
large  vertical  brackets.  January  levels  had  settled 
down  to  more  consistently  high  readings  with 
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Figure  12.  History  of  average  maximum  scattering 
ratio  for  the  20-km  region. 


magnitudes  even  greater  than  the  1964-65  data 
of  Grams  and  Fiocco  (1967).  Of  course,  the  data 
of  Grams  and  Fiocco  were  obtained  in  Massa- 
chusetts and  Alaska  and  were  begun  some  nine 
months  after  the  eruption  of  Mount  Agung.  F.E. 
Volz  of  the  Air  Force  Cambridge  Research 
Laboratories  observed  dust  over  Boston  from 
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Fuego  about  five  weeks  after  its  major  eruptions 
(Volz,  1975).  While  average  scattering  ratios 
reported  by  Grams  and  Fiocco  (1967)  were  no 
higher  than  2.2,  larger  quantities  of  dust 
probably  existed  earlier.  Also,  both  the  data  of 
Grams  and  Fiocco  and  the  data  presented  in  the 
present  paper  have  been  averaged  over  compar- 
able altitude  increments  (about  0.5  km)  in  order 
to  prevent  any  bias.  Therefore,  the  intensity  of 
the  Fuego  eruption  appears  to  have  been  less 
than  that  of  Mount  Agung.  Additional  lidar  data, 
not  plotted  during  this  post-Fuego  period,  are 
becoming  available;  these  include  the  data  of 
Fernald  and  Frush  at  the  National  Center  for 
Atmospheric  Research  (NCAR)and  the  measure- 
ments by  Fegley  of  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  at  the 
Mauna  Loa  Observatory  in  Hawaii. 

SUMMARY  AND  CONCLUSIONS 

The  dustsonde  and  lidar  comparative  experi- 
ments indicate  good  correlation  between  the  two 
measurement  techniques  for  the  background  or 
minimum  aerosol  loading  present  in  May  1974 
over  San  Angelo,  Texas. 

The  following  points  emerge  from  the 
analysis  of  the  lidar  observations  from  October 
1974  to  February  1975  at  Hampton,  Virginia: 

1.  Onset  of  increased  scattering  was  first 
observed  at  Hampton.  Virginia  on 
November  14,  1974: 

2.  Substantial  enhancement  was  observed 
at  19  km  on  November  26.  1974  but 
scattering  ratios  continued  to  be  quite 
variable  through  December 

3.  The  maximum  scattering  atio  of  3.3 
was  observed  at  17  km  on  December  IS, 
1974  (the  profile  was  obtained  by 
averaging  over  450  meters). 

4.  The  large-scale  circulation  pattern  indi- 
cates the  source  of  the  dust  to  be  from 
latitudes  south  of  Virginia. 

5.  Conversion  factors  between  the  aerosol 
backseat  ter  and  particle  concentration, 
as  determined  at  San  Angelo,  Texas,  do 
not  apply  to  the  present  enhanced 
aerosol  layers. 
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ABSTRACT:  Evaluation  of  the  1974  aircraft  measurements  of  Aitken  nuclei  (AN)  in  the  lower 
stratosphere  showed  that  the  mean  concentration  of  AN  at  th;  tropopause  level  is  between  several 
hundred  and  one  thousand  nuclei  per  cm3,  and  that  at  altitudes  above  18  km  the  AN  concentration  is 
only  several  tens  of  nuclei  per  cm3.  Flights  over  the  Rocky  Mountains  and  over  Texas  during  a 
well-developed  jet-stream  situation  indicate  an  increased  AN  concentration  at  the  18-km  level  and 
strong  fluctuations.  A negative  correlation  between  ozone  and  AN  concentration  was  found  above 
Houston  and  above  the  Gulf  of  Mexico  at  altitudes  above  17  km  on  November  18  and  21, 1974.  The 
possible  reasons  for  the  sudden  changes  of  ozone  and  AN  concentration  along  the  aircraft  path  at  the 
1 8-km  level  are  briefly  discussed. 


INTRODUCTION 

The  purpose  of  this  report  is  to  evaluate  AN 
measurements  performed  in  1974  as  a part  of 
CIAP,  using  the  new  GE  stratospheric  AN 
counter.  The  instrument,  named  SANDS  (Strato- 
spheric Aitken  Nuclei  Detection  System)  was 
flown  on  a WB-57F  aircraft  up  to  an  altitude  of 
20  km.  This  report  is  based  on  the  results  of 
twelve  successful  flights  made  in  the  months  of 
March,  April,  May,  and  November  1974.  These 
flights  were  designed  to  check  the  ability  of  the 
instrument  (which  was  calibrated  twice  during 
this  period)  to  measure  the  vertical  profiles  and 
the  spatial  distribution  of  AN  concentrations  in 
the  lower  stratosphere  over  the  Rocky  Moun- 
tains, Texas  and  the  Gulf  of  Mexico.  The  results 
of  several  successful  flights  in  1975  will  be 
described  later. 

THE  INSTRUMENT:  ITS  DESCRIPTION, 

CALIBRATION,  AND  INSTALLATION 
IN  THE  AIRCRAFT 

The  GE  SANDS  instrument  consists  of  an 
instrument  unit,  a pressurization  unit,  a cockpit- 
mounted  control  box,  and  a sampling-probe 


assembly.  Air  samples  are  standardized  in  the 
pressurization  unit  to  near-sea-level  conditions 
before  the  nuclei  are  measured  in  the  instrument 
unit. 

The  pressurizer  employs  two  holding 
chambers  which  alternate  every  two  seconds  in 
preparing  and  delivering  the  standardized  air 
samples.  Each  holding  chamber  is  first  purged 
with  air  at  ambient  conditions;  then  it  is  sealed 
and  clean  air  is  added  to  raise  the  pressure  to 
standard  conditions. 

The  sample  air  enters  the  instrument  unit 
(shown  in  Figure  1),  passes  through  a cylindrical 
condenser  (electrostatic  precipitator),  and  then 
enters  the  cloud-chamber  assembly.  The  cloud- 
chamber  assembly  includes  humidifier  com- 
ponents, cloud-chamber  optical  elements,  a 
photo-multiplier  tube,  and  a rotary  air  valve. 
Detection  of  AN  is  achieved  by  a cyclic  adiabatic 
expansion  which  causes  water  droplets  to  form 
upon  the  nuclei.  The  droplets  are  sensed  by  the 
light  they  scatter  in  an  illuminated  dark-field 
cloud  chamber.  The  cycling  rate  is  2.5  samples 
per  second,  which  yields  essentially  continuous, 
real-time  concentration  data.  When  size  measure- 
ments are  desired,  a programmed  series  of  pre- 
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cipitating  voltages  are  applied  to  the  condenser. 
The  consequent  decrease  in  measured  nuclei 
concentration  is  manually  analyzed  for  size 
information. 


Figure  1.  The  SANDS  instrument  unit. 

Since  the  system  was  designed  for  un- 
attended operation,  it  contains  automatic  range- 
switching circuits  which  select  the  proper  scale 
from  the  following  ranges:  0-100,  100-300. 
300-1000,  1000-3000,  3000-10.000,  and 

10.000-60.000  particles  per  cm3.  The  output 
data  is  in  the  form  of  analog  voltages  (+5V  full 
scale)  which  continuously  signal  primary  param- 
eters (nuclei  count,  range,  precipitation  voltage 
step)  as  well  as  a number  of  secondary  param- 
eters (ambient  pressure  and  temperature,  expan- 
sion pressure,  sample  temperature,  etc.).  These 
voltages  are  sent  to  a flight-recording  system 
(magnetic  tape)  provided  in  the  aircraft.  A more 
detailed  description  of  the  SANDS  was  published 
by  Haberl  ( 1975). 

Preliminary  calibration  of  the  SANDS  was 
performed  by  comparison  with  a Poliak  counter 
using  room-air  nuclei  diluted  to  various  concen- 
trations. The  calibration  was  rechecked  after  six 
test  flights  and  various  laboratory  operations;  it 
showed  no  detectable  shift.  The  functioning  of 
the  counter  at  stratospheric  conditions  was 
investigated  at  the  Los  Alamos  Scientific  Labora- 
tory. Final  calibration  was  performed  twice  in 
the  laboratories  of  the  Graduate  Center  for 
Cloud  Physics  Research  at  the  University  of 
Missouri-Rolla.  It  was  based  on  a comparison 
with  the  UMR  Aitken  nuclei  counter  (Kassner  et 
al.,  1968).  Comparison  of  the  mentioned  coun- 
ters yielded  the  following  results: 

On  the  basis  of  a regression  analysis,  the 
mean  correlation  factor  for  seven  different  kinds 


of  aerosols  (room  air.  sodium  chloride,  silver 
iodide,  propane  residual  nuclei,  nichrome,  and 
gold)  was  approximately  0.90.  The  strongest 
correlation  was  found  for  propane  residual  nuclei 
and  gold  particles  (0.970;  0.932)  and  the  weakest 
correlation  was  found  in  the  case  of  room-air  and 
sodium  chloride  particles  (0.855;  0.876).  Anal- 
ysis of  electron  micrographs  of  the  aerosols  used 
for  the  calibration  showed  the  following  mean 
sizes  (diameters)  of  particles:  0.025  pm  for  gold. 
0.05  pm  for  room  air.  0.06  pm  for  nichrome-wire 
nuclei,  and  0. 1 3 pm  for  sodium  chloride. 

The  ratio  between  estimated  standard  error 
and  the  concentration  of  AN  served  as  a measure 
of  the  expected  deviations  of  the  measured  data 
from  the  theoretically-assumed  linear  relation- 
ship. The  ratio  depends  on  the  AN  concentration 
range  and  on  the  nature  of  the  nuclei;  it 
amounted  to  several  percent  in  the  case  of  gold 
and  nichrome  aerosol  and  to  several  tens  of 
percent  for  sodium  chloride  particles. 

The  SANDS  instrument  was  installed  in  the 
nose  section  of  the  fuselage  of  the  WB-57F 
aircraft.  Sample  air  entered  through  two  1.5- 
inch-diameter  probes  which  extended  three  feet 
in  front  of  the  aircraft.  The  stratospheric  air 
flowed  continuously  through  a short  air  duct 
(SANDS  intake  tube)  to  the  exhaust  tube  in  the 
aft  section  of  the  aircraft  nose.  In  this  way,  the 
velocity  of  the  air  in  the  duct  was  very  close  to 
that  of  the  aircraft.  Air  which  was  necessary  for 
pressurization  of  the  sample  came  from  the 
engine  bleed.  It  was  necessary  to  tap  into  the 
bleed  air  supply  prior  to  passing  through  the 
pressure  regulators  (pressure  maintained  at  one 
atmosphere)  in  order  to  have  sufficient  pressure 
at  higher  altitudes. 

RESULTS  OF  THE  MEASUREMENTS 
WITH  THE  SANDS 

The  AN  concentrations  measured  by  the 
SANDS  follow  the  general  trend  of  the  vertical 
profiles  found  by  Junge  et  al.  (1961)  and  Rosen 
(1974)  (see  Figure  2).  However,  at  an  altitude 
above  18.0  km,  the  concentrations  are  about  one 
order  of  magnitude  higher  than  those  found  by 
Junge  et  al.  This  does  not  necessarily  mean  that 
Junge’s  measurements  were  characterized  by 
particle  losses  in  the  instrument,  as  some  authors 
suggested  (Rentsberg,  1972).  The  higher  counts 
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of  AN  in  the  stratosphere  might  be  explained 
more  easily  by  the  intense  generation  of  AN  by 
jet  aircraft  near  the  tropopause.  which  are 
exchanged  into  the  higher  stratosphere  by  bulk 
transport.  The  lower  AN  counts  of  Rosen  (1974) 
could  have  been  caused  by  the  different  super- 
saturation in  his  counter. 

On  *t  • 10* 


. 20 


Figure  2.  Comparison  of  the'  mean  AN  concentra- 
tions measured  by  SANDS  over  New 
Mexico,  by  Junge  et  at.  ( 1961 1 over  South 
Dakota,  and  by  Rosen  (1974)  over 
Wyoming. 

Vertical  Profiles 

Vertical  profiles  of  AN  concentrations  were 
plotted  from  the  aircraft  ascents  on  March  5, 
April  10,  May  5.  22.  and  31.  and  November  18, 
1974.  The  general  features  of  those  measure- 
ments were  higher  counts  below  the  tropopause 
(several  hundred  to  1,000  cm'3)  and  a steep 
decrease  in  AN  concentration  above  the  tropo- 
pause. This  decrease  was  strongly  expressed 
during  the  ascents  in  April  and  May  by  compari- 
son with  the  flights  in  March  and  November 
1974  (see  Figures  3 and  4).  At  altitudes  above 
50.000  feet,  the  mean  AN  concentration  usually 
reached  values  between  20  and  100  nuclei  per 
cm3.  During  several  ascents,  a distinct  stratifica- 
tion of  the  measured  AN  counts  was  found  above 
50.000  feet;  the  layers  with  higher  AN  concen- 
trations had  thicknesses  of  several  hundred  to 
thousands  of  feet  (Figure  4).  During  the 
November  18  flight  (Figure  4)  simultaneous 
measurements  of  ozone  concentration  were  per- 
formed; they  showed  a mean  negative  correlation 


of  AN  counts  and  ozone  concentration  above 
17  km.  The  ozone  concentrations  measured  by 
the  instrument  of  Dr.  Rosen  and  Dr.  Hoffman 
are  plotted  in  relative  units,  in  which  10  means 
approximately  35  nanobars  of  ozone  partial  pres- 
sure at  25°C. 

HOUSTON , NOVEMBER  0/9* 

0,  RELATIVE  UMTS 

o.i as  io ® 190 


Figure  4.  Vertical  profile  of  AN  and  ozone  con- 
centrations over  Houston,  Texas  on 
November  18,  1974  at  20:50  hrs  GMT. 
Rawinsonde  ascent  at  1 2:00  hrs. 

Horizontal  nights 

Six  horizontal  AN  concentration  profiles 
were  plotted  on  the  basis  of  the  measurements 
made  above  the  Rocky  Mountains.  New  Mexico, 
Texas,  and  the  Gulf  of  Mexico.  There  is  a strong 
indication  that  even  at  the  altitude  of  62,000 
feet,  the  influence  of  orography  is  measurable, 
and  that  the  higher  ridges  of  the  Rocky  Moun- 
tains seem  to  contribute  to  the  mixing  of  air 
masses  from  the  troposphere  and  the  lower 
stratosphere  as  well  (Figure  5a).  A horizontal 
profile  of  the  May  5 (light  made  above  the  New 
Mexico  mountains  and  above  the  plains  of  Texas 
(Figure  5b)  shows  that  high  mountains  stimulate 
the  transport  of  the  AN  into  higher  stratospheric 
levels  and  form  stratospheric  wave  patterns  to 
the  leeward  of  the  mountains.  The  High!  of 
November  21  southward  of  Houston  over  the 
Gulf  of  Mexico  (Figure  6)  was  characterized  by 
steady  AN  counts  of  around  100  nuclei  per  cm'3 
at  an  altitude  of  60,000  feet.  However,  south- 
ward of  the  latitude  <p  * 26°N  the  record  showed 
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a.  March  5,  1974,  at  18:20  hrs. 
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b.  May  22,  1974,  at  15:17  hrs. 

Figure  3.  Vertical  profiles  of  AN  concentrations  over  Albuquerque.  New  Mexico.  In  both  cases  the 
rawinsonde  ascent  was  at  1 2:00  hrs  GMT. 
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suddenly  strong  fluctuations,  with  AN  concentra- 
tions often  surpassing  200  counts  per  cm-5.  The 
AN  variations  were  almost  perfectly  negatively 
correlated  with  ozone  variations.  This  case  seems 
to  be  a unique  example  of  a direct  relationship 
between  AN  and  ozone  concentrations,  which 
might  be  interpreted  in  terms  of  possible  strato- 
spheric air  exchange,  or  of  the  injection  of 
pollutants  into  higher  stratospheric  levels. 

Intercepts  of  Trails  of  Jet  Aircraft 

On  several  (lights  the  pilots  intentionally 
passed  through  the  trails  made  by  their  airplanes 
and  through  the  trails  of  commercial  airplanes 
around  the  tropopause  level.  Those  qualitative 
investigations  showed  (Figure  3a)  that  in  a 
“fresh”  trail  AN  concentrations  can  be  as  high  as 
20,000  cm"-5.  Interceptions  of  jet-engine  exhaust 
were  usually  characterized  by  a decreased  con- 
centration of  small  ions  (i.e..  decreased  electrical 
conductivity).  However,  for  the  time  being  no 
attempt  has  been  made  to  draw  quantitative 
conclusions  from  these  measurements.  Jet-engine 
exhaust  trails  generate  a highly  concentrated  AN 
layer,  which,  mainly  in  areas  covered  by  the  lanes 
of  commercial  air  transport,  represent  a constant 
potential  source  of  air  pollution  in  the  lower 
stratosphere.  Despite  the  fact  that  little  is  known 
about  the  nature  of  the  nuclei,  a valid  hypothesis 
would  be  that  there  is  an  intense  exchange  of 
particles  over  mountainous  areas. 


Estimates  of  the  Size  Spectrum 
of  the  Stratospheric  AN 

Assuming  charge  equilibrium  and  the  appli- 
cability of  Boltzmann’s  Law  for  the  distribution 
of  charges  on  different  sizes  of  aerosol  particles 
(e.g..  Rich,  1959).  one  can  estimate  the  size 
spectrum  of  stratospheric  AN  in  the  following 
way:  Stratospheric  aerosol  passes  through  a 
cylindrical  condenser,  where  different  voltages 
are  imposed  to  drive  the  electrically  charged 
particles  to  the  appropriate  electrode.  The  per- 
centage of  removed  AN  versus  the  applied 
voltage  is  converted  into  the  number  of  AN  (with 
an  assumed  particle  mobility)  that  will  be  totally 
precipitated  at  certain  voltages.  Despite  the 
uncertainties  related  to  the  assumptions  made, 
and  the  low  accuracy  of  the  AN  concentration 
readings,  an  attempt  was  made  tn  evaluate  several 
measurements  made  during  the  flights  of 
November  1974. 

The  flight  of  November  15  over  Texas 
showed  that  integrated  AN  concentration  can  be 
roughly  expressed  as  an  exponential  function  of 
the  radii  of  AN.  For  this  reason,  the  number  of 
particles  larger  than  a certain  size  was  plotted  in 
relative  units  (see  Figure  7a).  assuming  that  each 
AN  carries  a charge.  A curve  similar  to  that  of 
November  15  was  found  six  days  later  at  the 
altitude  of  18.2  km,  approximately  10  minutes 
before  the  AN  concentration  started  to  fluctuate 
(Figure  7b). 


Figure  6.  Horizontal  profile  of  AN  concentrations  along  the  flight  path  south  of  Houston  over  the 
Gulf  of  Mexico,  on  November  21,  1974,  10:27  to  1 2:43  hrs  GMT.  Ozone  concentrations 
are  roughly  evaluated  in  relative  units. 
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a.  Flight  path  between  Vandenbuig  (CA)  and  Albuquerque  on  March  27,  1974.  20-50  to  22-50  hrs 
GMT. 


b.  Flight  path  between  Albuquerque  and  Jasper  (TX)  on  May  5,  1974,  8:42  to  12:00  hrs  GMT. 

Figure  5.  Florizontal  profile  of  AN  concentrations.  In  the  upper  part  of  the  figure  is  the  flight 
altitude;  Tf  is  the  temperature  at  the  flight  level;  Wf  is  the  wind  vector  at  the  flight  level; 
Wj  is  the  wind  vector  at  the  tropopause  level;  Ncm  ^ arc  Aitken-nuclci  concentrations.  In 
the  lower  part  of  the  figure  are  the  mean  altitudes  of  the  mountains  along  the  flight  path 
(unbroken  line  signifies  mountains  within  15  miles  of  the  path  on  the  south,  broken  : le 
signifies  the  same  on  the  north). 
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a.  Flights  on  November  15  and  21,  1974  over  Texas. 


b.  Flight  on  November  18,  1974  over  Houston. 


Figure  7.  Rough  estimates  of  AN  size  distribution  at  different  altitudes. 


Unlike  the  AN  size  spectra  of  November  1 5 
and  21,  the  spectrum  of  nuclei  measured  during 
the  aircraft  ascent  over  Houston  on  November  18 
(Figure  7b)  had  the  following  features:  Two 
different  groups  of  particles  were  found  at  the 
altitude  of  9.6  km.  One,  with  particles  with  radii 
larger  than  0.04  pm,  represented  almost  60%  of 
the  total  AN  concentration;  the  other  had 
particle  radii  less  than  0.01  pm.  The  curve  at  the 
tropopause  level  had  a shape  similar  to  those  of 
the  curves  of  November  1 5.  However,  at  an  alti- 
tude of  15.0  km  there  was  a sudden  change  in 
AN  size  distribution;  more  than  25%  of  the  mea- 
sured AN  had  radii  larger  than  0.06pm. 

The  mentioned  method,  its  accuracy,  and 
the  deduced  size  spectra  of  AN  could  be  sub- 
jected to  criticism.  However,  there  seems  to  be 
one  possible  explanation  of  the  different  shapes 
of  the  curves  of  November  18  and  the  curves 
deduced  from  the  measurements  of  November  15 
and  21.  Because  the  curves  of  November  18  are 
characterized  by  a relatively  high  precipitation  of 


particles  with  radii  greater  than  0.04  pm.  one 
might  hypothesize  that  their  presence  at  an 
altitude  of  15.0  km  over  the  Houston  area  could 
be  related  to  the  eruption  of  the  Guatemalan 
volcano  Fuego  (McCormick  et  a!.,  1974;  Volz, 
1975). 
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IN-SITU  MEASUREMENTS  AT  LARAMIE,  WYOMING 
OF  THE  RECENT  INCREASE  IN  STRATOSPHERIC  AEROSOL 


D J . HOFMANN  AND  J .M . ROSEN 
Department  of  Physics  and  Astronomy 
University  of  Wyoming 
Laramie,  Wyoming 


ABSTRACT:  Recent  balloon  soundings  of  the  stratospheric  aerosol  by  photoelectric  particle  counters 
are  compared  with  earlier  ones  It  is  suggested  that  the  observed  increase  in  late  1974,  and  a similar 
one  in  late  1971,  may  require  explanations  other  than  the  identified  volcanic  eruptions. 


The  University  of  Wyoming’s  Atmospheric 
Research  Group  has  continued  to  make  measure- 
ments of  the  stratospheric  aerosol  for  the  Cli- 
matic Impact  Assessment  Program  (CIAP) 
through  1974,  although  on  a greatly  reduced 
scale.  The  balloon  soundings  made  with  the 
Wyoming  dustsonde  have  been  continued  at  the 
Laramie  station  on  a seasonal  basis.  While  the 
extensive  measurements  obtained  during  the  first 
two  and  one-half  years  of  the  program  revealed  a 
general  decay  of  aerosol  particles  following  an 
apparent  increase  in  late  1971,  recent  observa- 
tions indicate  that  the  stratospheric  aerosol  has 
once  again  undergone  a substantial  increase  in 
late  1974.  However,  as  with  the  1971  increase.it 
is  again  no.t  clear  that  the  new  increase  is 
associated  with  a particular  volcanic  eruption. 

Observations  of  this  increase  are  now  numer- 
ous; they  apparently  began  with  enhanced  twi- 
lights observed  over  Mexico  and  Arizona  by 
Meinel  and  Meinel  (private  communication)  in 
November.  These  observations  were  subsequently 
confirmed  through  lidar  detection  of  two  strato- 
spheric particle  layers  by  the  NASA  and  NCAR 
groups.  In  addition,  pilots  flying  the  RB-57  for 
the  November  CIAP  mission  also  reported  visible 
dust  layers  in  the  stratosphere. 

Although  in-situ  dustsonde  measurements  of 
the  two  ex,ensive  layers  observed  by  lidar  were 
not  carried  out  until  December  10,  it  is  of 
interest  to  note  that  a sounding  at  Laramie  on 
October  8 had  already  revealed  a new  layer  in  the 
lower  stratosphere.  The  observations  follow. 

Figure  1 (central  box)  shows  the  total 
number  of  aerosol  particles  having  diameters 
greater  than  0.3  pm  per  cm2  column  of  strato- 


sphere above  20  km,  above  15  km  and  above  the 
local  tropopause,  at  Laramie,  Wyoming,  as  a 
function  of  time  from  late  1971  to  late  1974. 
The  last  two  points  are  the  soundings  of  October 
8 and  December  10.  Notice  that  the  increasing 
trend  which  began  in  October  is  larger  than 
would  be  expected  from  a “normal”  extrap- 
olated seasonal  variation.  The  integrated  aerosol 
was  observed  to  have  a value  of  3.2  X 106 
particles/cm2  column  above  the  tropopause  on 
December  10,  1974.  This  is  about  50%  higher 
than  the  increase  observed  in  December  1971. 
The  December  1971  level  may  have  been  higher, 
however,  since  maximum  twilight  effects  had 
already  been  noticed  in  October  of  that  year  by 
Volz.  The  latter  event  could  not  be  readily 
related  to  volcanic  activity.  We  thus  submit  that 
the  recent  event,  which  apparently  already  had 
begun  in  October,  is  similar  to  the  1971  event, 
and  may  not  be  due  solely  to  the  volcanic 
activity  of  Fuego  on  Guatemala  in  October  as  has 
been  proposed  by  several  observers. 

Figure  1 (lower  box)  also  shows  the  concen- 
tration ratio  (N  > 0.3  pm)/(N  > 0.5  pm),  and 
gives  an  indication  of  changes  in  the  aerosol  size 
distribution.  The  gradual  increase  in  the  ratio, 
indicating  a trend  towards  smaller  particles, 
reached  a peak  in  April  1974,  and  now  appears 
to  be  declining.  The  last  point  shown  (for  the  10 
December  sounding)  is  somewhat  misleading, 
since  one  of  three  layers  observed  in  that 
sounding  consisted  of  very  small  particles  (ratio 
%I6)  while  the  other  two  layers  indicated  rela- 
tively large  particles  (ratio  *3).  The  resulting 
average  ratio  of  about  5 for  the  sounding  is  thus 
not  as  representative  as  one  would  like,  since 
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f igure  I . Tropopause  height,  integrated  aerosol,  and  aerosol  ratio  as  functions  of  time  obtained  at 
Laramie  during  the  CIAP  measurements. 


most  of  the  new  particles  were  somewhat  larger 
than  those  generally  observed  over  the  past  two 
years.  This  will  be  described  in  more  detail  later. 

The  top  box  in  Figure  1 gives  the  tropopause 
height,  which  has  shown  an  excellent  anticorrela- 
tion with  total  aerosol  in  the  past.  Since  the 
tropopause  heights  for  the  8 October  sounding 
and  the  sounding  before  that  on  23  July  were 
not  much  different,  the  increase  observed  in 
October  was  not  due  to  the  normal  seasonal 
variation  but  rather  to  a new  aerosol  layer. 

Figure  2 shows  the  vertical  aerosol  distribu- 
tion (diameters  greater  than  0.3  pm)  for  the  July 
23,  October  8 and  December  10  soundings.  As 
indicated  earlier,  the  increase  in  total  aerosol  in 
October  was  due  mainly  to  the  layer  at  130  mb. 
This  layer  had  a ratio  of  concentrations  of  about 
3.5.  In  December,  a layer  was  again  observed  at 
130  mb,  with  additional  higher  layers  at  82  mb 
and  60  mb  as  shown  in  Figure  2.  However,  the 
layer  at  1 30  mb  was  now  found  to  have  a very 
steep  size  distribution,  with  a concentration  ratio 
of  about  16,  while  the  two  upper  layers  had  a 
relatively  flat  size  distribution  (ratio  =s3).  Figure 
3 shows  these  features  by  comparing  the  vertical 
distributions  of  particles  having  diameters  greater 
than  0.3  pm  and  greater  than  0.5  pm  for  the 


December  sounding  Notice  that  the  larger 
particles  were  essentially  absent  in  the  lower 
layer.  For  this  reason,  during  the  night  previous 
to  the  sounding,  the  NCAR  lidar,  being  relatively 
insensitive  to  small  particles,  did  not  detect  the 
lower  layer,  while  it  clearly  saw  the  upper  two 
(Fernald,  private  communication).  Thus,  the 
lower  layers  observed  on  the  October  and  the 
December  soundings  are  probably  not  one  and 
the  same,  unless  the  characteristic  aerosol  par- 
ticle size  somehow  changed  through  a process 
such  as  evaporation.  It  appears  more  plausible  to 
explain  this  observation  in  terms  of  multiple 
sources,  probably  of  a different  nature.  At  this 
writing,  analysis  of  particles  collected  in  the 
layers  by  the  Los  Alamos  group  has  not  been 
completed,  so  the  composition  of  the  particles  is 
not  yet  known.  If  they  are  sulfates,  as  has  been 
the  case  in  the  past,  they  were  probably  formed 
from  sulfur-bearing  gases.  Since  the  time  con- 
stant for  growth  of  sulfate  particles  to  the 
relatively  large  size  observed  is  thought  to  be  at 
least  one-half  year,  it  is  doubtful  that  volcanic 
activity  in  October  could  result  in  extensive 
sulfate  aerosol  layers  in  early  December  unless 
they  were  directly  injected  as  such.  Furthermore, 
the  suggestion  that  the  general  nature  of  the 
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Figure  2.  Three  aerosol  (d  S>  0.3  pm)  soundings  at 
Laramie.  Reading  from  left  to  right  at  the 
15-kin  level,  the  dates  are  July  23,  1974, 
October  8,  1974  and  December  10,  1974. 

stratospheric  aerosol  was  already  changing  prior 
to  the  eruption  of  Fuego  makes  this  eruption 
even  less  plausible  as  the  only  source  of  the 
layers. 


Figure  3.  The  vertical  distribution  of  two  aerosol 
size  ranges  at  Laramie  on  December  10, 
1975.  The  thick  and  thin  lines  represent 
particles  with  diameters  greater  than  0.3 
and  0.5  pm,  respectively. 

It  is  the  hope  of  the  Wyoming  group  that 
enough  observations  of  this  event  It;’  been 
made  so  that  the  various  research  methods  cjn  be 
compared  and  a reasonable  explanation  can  be 
constructed. 
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ABSTRACT:  Simultaneous  measurements  of  atmospheric  small  ions,  condensation  nuclei  (CN),  and 
aerosols  (with  diameters  of  >0.3  pm)  have  been  made  with  balloons  in  cooperation  with  University  of 
Wyoming,  in  a cooperative  Japan-US  program  of  work,  sponsored  by  the  CIAP  program  of  DOT. 

This  work  has  included  a balloon  flight  at  Sanriku,  Japan  in  October  1973  and  two  at  Laramie, 
Wyoming  in  May-June  1974.  Simultaneous  concentration  profiles  of  small  ions,  CN  and  aerosols  have 
been  obtained  on  a single  balloon. 

Comparisons  between  small  ions  and  CN,  and  between  small  ions  and  aerosols,  indicate 
reasonable  agreement  of  their  gross  profile  structures  and  the  theoretically  deduced  profiles  that 
assume  ion  equilibrium  state  in  the  stratosphere  and  troposphere;  on  the  other  hand,  closer 
comparison  of  profile  details  often  indicated  contrary  results.  Accumulation  of  simultaneously 
measured  data  on  ions  and  aerosols  in  the  stratosphere  is  concluded  to  be  very  important  for  exploring 
the  relationship  of  atmospheric  electricity  to  aerosol  problems. 


INTRODUCTION 

It  is  a generally  accepted  concept  of  research 
in  atmospheric  electricity  that  under  fair-weather 
conditions  there  is  an  electrical  balance  between 
production  and  loss  of  small  ions,  over  appropri- 
ate scales  of  time  and  space.  Ion  production  in 
the  stratosphere  is  thoroughly  controlled  by 
cosmic  rays,  whose  intensities  are  believed  to  be 
constant  with  time,  except  for  abnormal  solar 
events.  Ion  dissipation  in  the  stratosphere  is 
controlled  by  recombination  between  small  ions 
and  by  attachment  of  small  ions  to  aerosols.  The 
latter  mechanism  applies  mainly  to  the  sub- 
micron size  range  (involving  CN),  and  is  supposed 
to  be  less  important  in  the  large  particle  size 
range  (aerosols  with  diameters  of  > 0.3  /urn). 
Junge  et  al.  (1961)  made  measurements  of 
Aitken  nuclei  (AN,  thought  to  be  roughly  equiv- 
alent to  CN)  and  large  aerosol  particles  in  the 
stratosphere  and  compared  their  concentration 
profiles.  As  a result,  they  attached  considerable 
importance  to  the  simultaneous  measurement  of 
AN  and  large  aerosol  particles  for  the  study  of 
the  nature  and  distribution  of  stratospheric  and 
tropospheric  aerosols. 

Measurement  of  aerosol  particles  throughout 
the  whole  size  range,  from  micron  through 
submicron  to  very  small,  may  be  most  properly 
made  with  the  combination  of  a neutral  particle 


counter  (an  optical  dust-particle  counter  along 
with  an  optical  CN  counter)  and  an  atmospheric 
small-ion  counter.  Under  prevailing  ion- 
equilibrium  conditions,  the  concentration  of 
small  ions  (including  electric  conductivity)  is  a 
convenient  parameter,  containing  information 
about  the  concentration  of  submicron  aerosols 
(including  very  small  sizes)  in  the  troposphere 
and  stratosphere,  and  it  is  especially  useful  for 
surveying  the  secular  variation  of  the  global 
distribution  of  pollutants  for  the  1970’s  (Cobb 
and  Wells,  1970). 

SIMULTANEOUS  MEASUREMENT 
OF  ION  AND  AEROSOL 

Cooperative  simultaneous  measurements  of 
ions  and  aerosol  in  the  stratosphere  were  made 
for  the  first  time  at  Sanriku  Balloon  Launching 
Site  (Sanriku,  Iwate,  Japan),  of  the  Research 
Institute  of  Space  and  Aeronautical  Science, 
University  of  Tokyo,  using  a 5000-cubic-meter 
balloon.  Sent  up  with  the  balloon  were  the 
atmospheric  electrical  conductivity  meter  of  the 
Gerdien  condenser  type,  which  was  developed  by 
Nagoya  University  for  estimating  submicron- 
aerosol  concentration  in  the  stratosphere,  and 
the  optical-dust  particle  counter  which  was 
developed  by  the  University  of  Wyoming  for  the 
measurement  of  concentration  of  aerosols  with 
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diameters  of  >0.3 /am.  The  balloon  was 
launched  on  Oct.  10,  1973;  it  drifted  eastwards 
over  the  Pacific  ocean  while  floating  at  26  km 
above  sea  surface. 

After  330  minutes  of  measurement  of  con- 
ductivity in  level  flight,  the  balloon  was  cut  off 
from  the  payload  by  a command  signal  sent  from 
the  launching  site,  and  the  payload  parachuted  to 
the  sea  surface.  The  next  two  simultaneous 
measurements  of  ion  and  aerosol  were  made  at 
the  University  of  Wyoming’s  Laramie  balloon 
launching  site  (Laramie,  Wyoming),  where  the 
twin-balloon  technique  was  used  to  keep  the 
ascending  and  descending  speeds  of  the  payload 
system  almost  the  same.  It  is  in  this  way  possible 
to  check  the  validity  of  the  balloon  measure- 
ments, by  whether  the  upward  leg  and  downward 
leg  profiles  coincide.  Payloads  (all  instruments 
loaded  on  a metal  frame)  hanging  down  from 
two  plastic  balloons  (about  3000  cubic  meters 
each)  were  launched  on  May  27  and  May  30, 
1974.  After  about  100  minutes  of  flight  in  the 
air.  one  of  the  twin  balloons  was  cut  off  from  the 
payload  system  at  maximum  altitude  (17  mb  on 
May  27,  and  14  nib  on  May  30),  and  the 
payload,  suspended  from  the  remaining  balloon, 
descended  at  roughly  the  same  speed  it  had 
ascended.  Comparison  between  the  ascent  and 


descent  profiles  for  each  item  of  the  measure- 
ment (ion,  aerosol,  etc.)  indicated  reasonable 
agreement,  and  this  was  thought  to  guarantee  the 
validity  of  the  balloon  measurement.  On  May  27 
we  flew  the  ionization  chamber  for  ionization 
measurement,  the  Gerdien  condenser  for  electri- 
cal conductivity  (Nagoya  University),  the  CN 
optical  counter  for  condensation  nuclei  measure- 
ment, and  sensors  for  ozone,  temperature,  and 
pressure  (University  of  Wyoming).  On  May  30  we 
replaced  the  ionization  chamber  (Nagoya 
University)  with  an  optical-dust  particle  counter 
(University  of  Wyoming)  that  counts  aerosols 
with  diameters  of  > 0.3  pm,  and  left  the  other 
items  of  the  measurements  unchanged. 

Figure  1 shows  a positive-polar-conductivity 
profile  obtained  during  the  ascending  period  of 
the  flight  on  May  30, 1974;  it  represents  a typical 
exponential  conductivity  increase  with  altitude. 

Simultaneous  measurements  of  small-ion 
concentration  and  conductivity  on  several  bal- 
loon flights  in  the  past  years  have  indicated  that 
the  mobility  of  small  ions  usually  takes  nearly 
the  same  value  of  1.3  X 10'4  m2/vol  sec,  when 
the  mobility  value  calculated  from  the  measured 
values  of  concentration  and  conductivity  is 
reduced  to  the  value  at  ground  level.  This 
calculation  is  done  by  assuming  mobility  to  be 
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Positive  Polar  Conductivity  (Mho/m) 

Positive  electric  polar  conductivity  profile.  (Flight  W80,  ascent.  Laramie.  Wyoming.  May 
30,  1974.) 
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inversely  proportional  to  air  density  (Morita, 
1973).  This  evidence  is  thought  to  be  experimen- 
tal support  for  the  theory  that  the  size  distribu- 
tion of  small  ions  is  constant  in  the  troposphere 
and  lower  stratosphere  up  to  about  20  km  in 
altitude. 

It  appears  to  be  reasonable  to  assume  that 
the  trend  of  variations  of  the  mobility  value  with 
altitude,  whose  validity  is  confirmed  up  to 
20  km,  can  be  extended  up  to  30  km  without 
producing  serious  errors.  In  accordance  with  this 
idea,  we  calculated  the  profile  of  small-ion 
concentration  using  measured  conductivity 
values  and  calculated  experimental  values  for 
small-ion  mobility.  The  result  for  the  small-ion 
concentration  profile  is  shown  in  Figure  2,  along 
with  the  profile  for  aerosols  with  diameters  of 
>0.3  pm,  obtained  with  the  optical  dust-particle 
counter.  The  two  profiles  are  the  result  of 
simultaneous  measurements  made  aloft  on  a 
balloon  system  sent  up  on  Oct.  10,  1973. 

Figure  3 shows  the  small-ion  concentration 
profile,  calculated  in  the  same  way  as  that  of 
Figure  2.  Also  shown  in  Figure  3 is  the 
condensation-nuclei  profile  measured  with  the 
optical  CN  counter.  The  two  profiles  in  Figure  3 
represent  the  results  obtained  from  simultaneous 


measurement  of  conductivity  and  aerosols 
(including  CN)  made  on  a balloon  launched  on 
May  30,  1974. 

RESULTS 

If  the  concentration  profiles  shown  in  Figure 
2 for  small  ions  and  aerosol  particles  with 
diameters  of  > 0.3  pm  are  compared,  a high- 
concentration  layer  of  large  aerosol  particles, 
with  a laminar  structure  of  concentration  fluctu- 
ations superposed  on  it,  is  found  to  extend  to 
about  9 km  altitude  from  the  lowermost  part 
of  the  atmosphere.  Corresponding  to  this,  small- 
ion  concentration  decreases  steeply  from  9 km 
downward  towards  the  lowermost  atmosphere. 
A similar  trend  appears  when  the  concentration 
profiles  of  small  ions  and  condensation  nuclei  are 
compared,  as  indicated  in  Figure  3.  A condensa- 
tion-nuclei layer  of  high  concentration,  with 
strong  concentration  fluctuations  superposed  on 
it,  is  found  to  extend  to  12-13  km  altitude  from 
the  bottom  of  the  atmosphere.  Corresponding  to 
this,  a very  steep  decrease  in  small-ion  concentra- 
tion is  found  from  about  16  km  altitude  down- 
ward towards  the  bottom  of  the  atmosphere, 
with  a step  decrease  at  12  km  altitude.  Further 
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i inure  2.  Small-ion  density  profile  deduced  from  electric  conductivity  measurement  (Nagoya 
University)  and  aerosol-particle  profile  (d  > 0.3  pm)  obtained  with  an  optical  dust- 
particle  counter  (University  of  Wyoming).  (Might  S73  ascent,  Sanriku.  Iwatc,  Oct.  10, 
1973.) 
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Small  Ion  Density  and  CN  Density  ( cm'3  ; 

Figure  3.  Small-ion  density  profile  deduced  from  electric-conductivity  measurements  (Nagoya 
University)  and  condensation-nuclei  density  profile  obtained  with  CN  optical  counter 
(University  of  Wyoming).  (Flight  W80,  ascent.  Laramie,  Wyoming.  May  30.  1974.) 


examination  was  made  of  the  large-aerosol- 
particle  profile  which  was  obtained  simultane- 
ously with  the  condensation-nuclei  profile  on  the 
May  30,  1974  balloon  flight  shown  in  Figure  3. 
The  thickness  of  the  lowermost  high-concentra- 
tion layer  for  large  aerosol  particles  was  found  to 
be  12-13  km  from  the  ground  level,  and  few  dif- 
ferences were  found  between  the  condensation- 
nuclei  and  large-aerosol  profiles.  It  is  very  reason- 
able. as  a manifestation  of  a gross  general  trend  of 
atmospheric  electricity,  to  see  that  a considerable 
decrease  in  the  layered  structure  of  small-ion 
concentration  is  really  very  closely  correlated 
with  a high-concentration  layer  of  condensation 
nuclei  and  with  a high-concentration  layer  of 
large  aerosol  particles,  and  that  both  these  layers 
are  distributed  over  the  same  altitudes,  from 
ground  to  12-16  km  in  the  troposphere  and 
lower  stratosphere.  Comparison  of  concentration 
profiles  of  small  ions,  condensation  nuclei,  and 
large  aerosol  particles,  if  it  is  made  in  great  detail, 
often  shows  contrary  relations  for  example,  a 
decrease  in  small-ion  concentration  often  shows 
very  clear  correspondence  with  a decrease  in 
concentration  of  condensation  nuclei  arid/or 
large  aerosol  particles  etc.  Possible  causes  might 
be  found  in  instrumentation  problems  and/or  in 


the  real  geophysics  of  atmospheric  electricity. 
For  example,  if  the  instruments  for  concen- 
tration measurement  of  small  ions  and  of  con- 
densation nuclei  work  best  for  different  size- 
distribution  ranges,  we  could  not  expect  to 
measure  condensation  nuclei  which  have  less 
electrical  activity  to  contribute  to  small-ion 
equilibrium  establishment  in  the  stratosphere.  If 
small-ion  equilibrium  does  not  hold  in  the 
stratosphere  over  the  scale  of  space  and  time 
appropriate  to  our  measuring  instruments,  we 
would  obtain  another  complicated  relationship 
between  small  ions  and  condensation  nuclei.  If, 
on  the  other  hand,  the  origins  of  condensation 
nuclei  and  large  aerosol  particle  formation  are 
different  and  independent  of  each  other,  we 
would  observe  another  contrary  correlation 
between  small  ions  and  large  aerosol  particles  in 
the  stratosphere. 

In  view  of  the  complexity  of  the  present 
problems,  the  accumulation  of  sufficient  data 
from  simultaneous  measurements  of  ions  and 
aerosols  throughout  the  whole  size-distribution 
range  is  concluded  to  be  very  important  for  the 
exploration  of  the  potential  application  of  atmo- 
spheric electricity  to  aerosol  problems  in  the 
submicron  size  range  in  the  stratosphere. 
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AEROSOL  AND  ION  CONCENTRATION  MEASUREMENTS 


DISCUSSION 

(UNIDENTIFIED):  Nearly  everybody  measures  small- 
particle  concentrations  by  water  supersaturation  in 
adiabatic  expansion  chambers  using  a standard  tech- 
nique. These  particles  have  been  called  “Aitken  nuclei.” 
Could  you  please  tell  me  whal  advantage  we  gain  in 
measuring  “Rosen  nuclei”  with  (he  new  technique  just 
described? 

ROSEN:  As  far  as  our  environmental  tests  go,  there  is 
no  difference  between  using  water  and  using  alcohol.  We 
use  alcohol  primarily  because  it  doesn’t  evaporate  at  the 
high  altitudes.  Water,  of  course,  would  give  us  quite  a 
few  problems.  In  fact,  we  wouldn’t  be  able  to  obtain 
measurements  at  the  altitudes  we  do.  Il  seems  to  make 
no  difference  whether  you  use  water  or  alcohol  or 
whatever. 

(UNIDENTIFIED):  Dr.  Podzimek.  the  size  distribution 
you  showed  seemed  to  trail  off,  at  least  as  I read  it  from 
your  plot  on  log-probability  paper.  The  smallest  size 
you  show  is  about  1/100  of  a micron,  and  there’s  very 
little  of  the  mass  of  (he  Aitken  nuclei  in  that  range.  Do 
you  think  the  fact  that  your  distribution  goes  quickly 
toward  zero  at  that  size  accurately  reflects  the  ambient 
stratosphere,  or  might  this  be  an  instrumental  effect? 

PODZIMF1K:  We  did  apply  the  Fuchs  electrical-mobility 
method  to  measure  the  size  distribution  of  small 
particulates.  Of  course,  the  theory  behind  this  technique 
is  very  primitive.  I would  be  more  suspicious  that  there 
arc  some  deficiencies  in  the  theory,  before  I began  to 


blame  the  instrument.  If  I understood  your  question 
correctly,  I guess  I would  say  that  the  size  distribution 
might  be  realistic,  but  the  absolute  numbers  are  not. 

HALE:  I’d  like  to  briefly  mention  the  result  of  a 
measurement  that  may  relate  to  the  nucleation  of 
particles  in  the  stratosphere.  This  was  an  electrical- 
conductivity  measurement  made  in  the  south  of  France 
in  collaboration  with  Ackerman  and  the  Belgian  group: 
we  measured  electrical  conductivity  through  a sunset 
period.  At  a solar  zenith  angle  of  about  85°,  the 
conductivity  due  to  the  positive  ions  began  to  increase, 
and  it  grew  by  a factor  of  3 in  a period  of  about  an 
hour.  Since  that  period  is  too  short  for  the  ion  density 
to  change  appreciably,  we  believe  that  the  ion  mobility 
was  increasing,  and  thus  that  in  the  daytime  the  ion 
mobility  is  very  small,  indicating  that  in  sunlight  the 
positive  ions  are  large  aggregates.  During  this  same  time 
frame  the  negative  conductivity  decreased  by  a factor  of 
three  and  at  night  the  negative  and  positive  ion 
conductivities  were  about  the  same,  indicating  that 
there  were  only  small  ions  present.  I also  attribute  the 
large  daytime  negative  conductivity  to  the  possibility  of 
ultraviolet  photodetachment  of  electrons  from  nega- 
tively charged  aggregates. 

(UNIDENTIFIED):  Recent  papers  by  Kiangand  Hamill 
and  their  co-workers  show  that  it  is  thermodynamically 
possible  that  some  small  but  significant  amounts  of 
nitric  acid  could  be  dissolved  in  sulfuric  acid  particles  in 
the  stratosphere,  and  this  would  lower  the  freezing 
point  of  the  droplets  and  make  it  more  likely  that  they 
are  liquid  in  the  stratosphere. 
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